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FOREWORD 


'1  Ik'  purpose  (if  tills  ixiok  ie  to  provide  a  convenient  reference  fjcurce  in  the  field  of  environrnontni 
eiif MM  Cl  H  coiitiuns  uD-to-date  oc lentil Ic  and  technical  Information  E.nd projects  the  Btate-of-tho- 

r  as  f  IT  as  txjssible  Into  the  future.  The  book  Is  Intended  for  use  by  p-rsonnel  of  the  United  States 
Ail  rojcoand  supportiiw  industry  In  the  areas' of:  preliminary  vehicle  design;  materials  application; 
romiKincn!.  c-iulpment  and  subsystem  design  and  development;  and  reliability  au..  environmental 
tL.stiiiii.  A  Bciondary  purpose  to  provide  a  general  teirt  for  use  bv  coUeges  and  univcradics,  v^th 
111.'  linpn  that  at  least  one  course  in  environmental  engineering -will  be  given,  and  tha^  eventually  « 
na.aie  otgr.  e  will  be  nffered  In  this  field.  It  Is  also  hoped  that  this  hook  wlU  Inspire  the  dovelon-, 

m (.’Ill  of  texts  in  cacti  of  the  various  areas  covered. 


This  report  was  sponsored  by  the  Environmental  Division,  Engineering  Test  Directorate,  Deputy 
for  l('st  and  Sunpoid,  Aeronautical  Systems  Division,  Wrlght-Patterson  Air  T?orce  Base,  Oh ki  as 
Pioji.e't  Ne.  130' ,  Ttok  No.  615C5,  under  CoUTract  No.  AF33(616)-6252.  The  report  was  published 
Nrivemtuii’  19G1  vs  ASD  TiKihntcal  Hcport  TR  6_l-303.  . 
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’xrvy  Mileaf  oi  the  Technical  Writing  Service  Division,  McUraw-Hlli  Book  Company 
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....  c  1,.,*.  . . . /-*  tr  A  Tjr»r»nf  Afn'oonhprpi  T^livRlr.is* .  Hankcy.  Chid* 

l 'lin  IC  UlllI  A- >Il  Ui  pf  iijt;t,t  cuuiilW'io  Vji  *  *♦  ^  "t  »*i  T-L  >  i' 

[  riu  ria  U.iit.  an«I  J.  K.  MilUron,  Nuclear  EnplneerinR  Physicist,  each  with  the  Envlronmeu*)**  Divl- 
Sion.  In  .-.ddltion.  ttie  followingpersounel of  AeronauticalSys^ms Division  review^  pid  coimnonted  no 
vill  i i.u'i  iAirtiuiitJ  of  ttie  handtxior.  as  It  was  developed:  C.  W.  DouglM,  V/.  S.  Os^rne  C.  t  ^rs^, 
V.  T).  Moui'uc,  C.  A.  Goluokc,  E.  A.  Tolle,  F.  R.  Eberstaach,  Or.  A.  E.  Prince,  D.  C,  I.enaard,  W-, 
G'-iiiardt,  Dr.  .1.  P.  Allen,  M.  P.  Ornsteln,  D.  L.  Earls,  and  C.  E.  Thomas. 


)  ’  f  auso Cl  .space  liniitaiiotis,  it  Is  Impossible  to  credit  by  name  all  of  the  Individuals  and  organlv.a- 

*  ‘  .  .  .  ’  .  -  *  .  .  •»  _  _ _  i-Wn  nr144^nv.C)  Ci-ri  gsn  fi  IVtk  f  V 


tifDiri  that  Fupplie'i  material  or  information.  However,  in  cases  where  the  editors  drew  extcriBive-y 
ou  trio  v/(.'-'c  c'f  .III  indlviitual  or  organization,  opeclflo  credit  Is  given. 

Of  p.'tliculrir  value  was  the  material  ssuvplled  by  the  following  expert  uonsuUant^  Jolm  Cam- 
Tna!  ,it;i  and  .lotm  Regazzi,  Arnia  UlvLslon;  G.  Chemowltz,  American  Power  Jet  Co.;  K.  A.  Ehrlcke, 
..  .  .  j  1 .. ..  1. 1  n ..  QiAfl  Wni  1  Fwi T V  fi  jTr.  Ehrlcke  suDDllcd 


Tna!,it;i  and  .John  uegazzi,  Arnia  uivision,  u.  v.nt’iuowii*,  cuic. - , 

('(ur  vir  Astrtir.'ut  ic.s;  and  Ctiarles  Eiwon,  American  Machine  and  Foundry  Co.  /tr.  Ehrlcke  Buppllcd 
(hi-  im;..!  c;ril.a  for  the  Mission  ProfUe  portions  of  Chapter  2,  Mr.  Elwen  tli  at  a  for  the  Environ- 

Tiir.it.il  Aiial.'SLs  section  of  '"hapter  4,  Mr.  Chcrn-owllz  the  data  for  the  Operation^  An^ysis  sectlou 

I  f  f  ;  •  t(  r  4  and  liie  Te.si  Procedures  section  of  Chapter  6,  and  Messrs,  Commavaia  ana  negazzi  mu 
c.i'  i-lcsr  l!-el  ('.sl  I'aeiliiies  section  of  Chapter  6, 


COPYRIGHT  CREDITS 


rain  toi  I  ir'-s  of  tlic  handboolc  arc  copyrighted  by  organizations  listed  '.'nder  PEFERENCE.S  near 
’  I  in  cf  i'.i.  ,u  Oh  inn  r  and  ni  V'f with  permission  of  the  respective  ccpyrlgM  owners,  Anv 
i  '  r  r'’pr'.;'iu  ’.  1011  of  this  iiiVlerlal  may  not  be  made  without  the  permission  of  the  holders  ul  cuci. 


T 


i 

I 


’T  "-ri 
^  '  f' 


■■  4. 


■,'5!^ '’*■■  ' r 


. 


.ii 


ABSTRAa 


As  flii;l>t  vuhjcle  syet'^ms  suid  tlielr  ground  aupport  esqulp- 
nicjit  lici'ouie  Increadingly  complex,  the  seed  lor  eiivlrtai- 
nn  "t.al  ciii:lneerhig  at  ail  levels  of  system  design  becomes 
pioro  acute.  New  envlronmenis  are  being  encountered,  and 
fatiil  newer  ones  will  be  coming  more  proWeccoMcai  ns  more 
advanced  flight  vehicles  are  developed.  As  a  result,  an 
understanding  of  environments  and  environmental  engineer¬ 
ing  is  mandatory  lor  the  design  of  reliable  equipment. 

Thlshandbot.k  presents  to  the  designer  the  many  facets  of 
piivironn.ontal  engineering  as  applied  to  flight  vehicle  sys- 
lenis  a.nd  tietr  aupport  equipment.  The  entire  gamut  of  en- 
vircniiicpts,  both  natural  and  Induced,  as  well  as  their  ef¬ 
fects  and  methods  of  protecting  against  them  are  discussed 
in  detail.  The  environments  are  considered  both  separately, 
and,  whore  tile  preeent  state  of  the  art  perrnlts,  tn  various 
con;blnation8.  The  Importance  of  an  environmental  and  an 
oi-cratioiial  analysis  during  preliminary  system  design  are 
also  covered. 
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PREFACE 


P’or  many  years  there  has  been  an  urgent  need  for  an 
authoritative  reference  f-ource  in  the  field  of  Environmental 
Science.  As  the  field  h  is  progressed  from  an  undisciplined 
testing  activity  to  a  well  documented  science,  a  wee.Uh  of 
ipicrmaticaou  Us  various  facets  baa  been  developed  by  both 
,nilitary  and  civilian  activities.  Unfortunately,  this  Infor¬ 
mation  has  been  contained  !n  widely  scattered  reports, 
sympo.^1.1  and  proceedings.  The  tiask  of  bringing  this  infor¬ 
mation  together  into  one  source  has  been  under-taken  and 
performed  l»y  this  handbook.  The  Institute  of  Environmental 
Sciences  h.i9  reviewed  the  material  presented,  and  Is  ctr- 
tain  tluit  it  will  perform  a  much  needed  service  In  the  field 
ol  Environmental  Science. 


WiUlara  L.  Vandal  • 

President  1960-1961 

Institute  of  EnvirorjnenUl  Sciences 


K.  C.  Jones 

President  1959-1960 

Institute  of  Environmental  Sciences 


Raymond  G.  Yneger 
Publications  Vice  President 
Institute  of  Environmental  Sciences 
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:i;.ciK  y  in  llic  ileHi|;n  ajid  deveU>iiment  of  equlp- 
iiic'itl  (:.x(><).st:dtJ  coidwcadipr.  In  the  sajne  year, 
a  com|irrlicnplvc  pfargram  was  initjated  to  de¬ 
termine' world  wide  recorded  maKlmuni,  mlr.l- 
luurn  and  mean  ambient  and  enclosed  compart¬ 
ment  teinpeiatures.  The  resuUn showed  a  raiige 
f-  em  -6a  F  (  C)  to  ICO  F  (71.1  C). 

iXniinr  tile  Winter  months  of  1942-43,  the 
(.'old  WenUior  Testing  Detachment  and  the  En- 
,'inceriiif;  Division  combined  efforts  and  ran  ex¬ 
tensive  tests  at  Ladd  Field.  The  test  results 
showed  that  no  combat  or  cargo  aircraft  in  any 
stago  of  development  would  operate  saLislaclor- 
ily  at  temperatures  below  -25  F  (-32  C).  The 
same  aprlit'd  to  auxiliary  and  accessory  equlp- 
m  ’..t,  Ivtli  aircraft  and  ground.  All  hydraulic 
systems  ucrc  unsatisfactory  Including  shoclc 
struts,  packings  and  hoses.  It  was  common  to 
find  that  hydraulic  lluld  leaked  completely  out  of 
ti;c  systems.  Aircraft  and  gro'and  heaters  were 
unsatisiaclory,  not  only  because  of  heat  output. 
Init  also  because  of  general  operation.  Oils  ana 
iuliricants  solidified  and  required  considerable 
researcii,  modification,  standardization  and  im- 
provcnicni  for  cold  weather  operation.  Screw 
jack.s,  ball  and  roi.ier  bearings,  hinges^  bush¬ 
ings  ;ind  entire  control  systems  locltea  or  be- 
fiiinc  miolerably  difficult  to  operate.  Improved 
iK'i'pers  ora  oil  systems  tliat  would  prevent  en- 
I'liief;  from  eecnmlne  oil -starved  were  needed. 
Oil  coolers  required  extensive  work  to  prevent 
liurstim;  ca'-.cM  liypasaage  of  congealed  oil  Into 
the  coder  eoro  wtion  tlie  engines  started.  Car- 
iniretor  aa'  thermometers  were  not  provided  In 
t'lost  aircraft,  and  oil  dralno  were  not  acces- 
sitilo.  It  was  impossible  to  keep  batteries  warm, 
and  diflicult  to  remove  them.  Ignition  systems 
would  nut  function  at  the  low  temperatures,  and 
sUirtcr  motors  broke  down. 

During  1941  and  1942,  an  extensive  program  _ 
V  as  conducted  to  determine  the  lubricant  quali¬ 
ties  necessary  for  cold  weatlier  operation,  and 
MJ  prodi.  '  c  lubrican's  valh_tlieKe  desired  quall-^_. 
t:i  s.  l  hr>  new  vre.ises  that  resulted  from  this 
progr.iui  -ecre  used  in  1942  and  1943  bv  bearing 
uin.iiila<  lin  ers,  grease  producers  and  Uie  Air. 

1  oi  l  e  .'Oi  all  bearings  intended  for  Air  Fx,rcc 
iiso,  as  u  oP  as  those  already  in  Air  Force  stock. 

'i  l'.n-.eiiinds  of  (learinge  vere  washed  and  relu-  - 
hi  i.'atcil,  and  bearing  problems  were  greatly  re- 
I'lcr.l. 

IXirim-  in43,  the  Cold  Weattior  Testing  De- 
i  H-hnient  was  placed  under  tl.c  Proving  Ground 
idiMii.uid,  a;id  wa.s  made  responsible  for  serv-  ' 
ic-:  testing  of  :dl  standard  aircraft  and  equip - 
n  cut.  1  he  lli'gincei  ;ng  Division  of  the  Materiel 
i  omni.iud  tt  n.s  made  respo.isible for  expcrlmen-" ' 
Oil  and  devcl  ipmciital  testing.  The  program 
I'lal  had  bojcuii  in  1941  was  accelerated  at  this 
lime  to  insurelliat  aircraft  and  equipment  would 
'  I'or.i'.j  uatiHfactorily  In  all  areas  .'uid  during 

cil  '-c, I,. tins. 

hi  1  ‘I*.,  rcsponsiliiMi' s  were  again  reorgan- 
I  ‘1;  1  In'  foul  v/eaihcr  1  cstUiK  Detachment  waaL_ 


shifted  f ronitheProvlngGroundCommtuid  in  tiie 
Material  Command,  ■which  no'w  hnd  ihe  eomplelo 
recponsibllity  for  cold  weather  testing.  How¬ 
ever,  tlio  Pi-ovlng  Ground  Conmiand  still  con¬ 
trolled  operational  sullatHUly  teats.  Test  ru- 
sii.'ts  now  indicated  that  aircraft  and  equipment 
were  eultalde  for  operation  to  about  -40  F 
(-40  C).  The  following  areas,  nevertheless, 
were  still  troublesome:  carburetor  air  heal; 
oil  systems;  hydromattc  propeller  pitch  ajud 
feathering  controls;  cabin  and  cockpit  heatbig; 
deicing;  oils  and  greuses;  surface  control  sys¬ 
tems;  seals;  response  time  in  hydraulically  ac¬ 
tuated  systems;  and  low  temperature  starting. 

Cold  weather  experiments  were  nnn(,nueci 
tlirough  the  winter  of  194C-47.  The,  building 
specifications  had  been  written,  and  .-tanx  were 
made  for  completion  of  a  Climatic  Hnncnr  at 
Elgin  Air  Force  Base,  Valparaiso,  Florida, 
after  which  Ladd  Field  'would  be  used  solely  for 
field  testa.  Cold  weather  teatbig  then  becanib  a 
part  of  the  normal  developmental  cycle  of  air¬ 
craft  systems.  The  alo  was  to  provide  salis- 
factory  operation  to  -65  F  (-54  C),  as  deter¬ 
mined  by  the  program  conducted  In  1941. 

In  1951,  the  Air  Research  and  Duveiopmoul 
Command  was  established,  and  the  responsibil¬ 
ity  for  cold  weather  testing’  was  Included  in  tlie 
responsibilities  of  the  Directorate  of  Flight  and 
AH-Weathor’i'eating  group  at  w'rightAir  Devel¬ 
opment  Center.  About  this  time,  cold  weatlier 
testing,  togetlier  with  desert  and  special  envi¬ 
ronmental  testing,  was  established  as  an  inte¬ 
gral  part  of  aircraft  development.  Since  then, 
the  All-Weather  Testing  Group  has  provided 
valuable  Information,  and  uncovered  deficiencies 
In  design  and  operation  of  aircraft  and  equip¬ 
ment  Intended  for  global  operations. 

Desert  Tesis 

Just  as  the  failure  of  the  Gcrmin.e  on  the 
Russian  front  Indicated  the  need  for  cold- 
weather  environmental  engineering,  the  troulile 
that  German  General  Ronimel  gave  us  in  tlie 
Sahara  Desert  provided  the  teason  lor  setting 
up  a  desert  test  program. 

In  the  summers  of  1942  and  1943,  certabi  ol 
the  Uicn  currehUy  used  aircraft  were  inspected, 
modified  lubricated  and  instrurrented  and  taken 
into  the  desert  near  Blythe,  California  to  deter¬ 
mine  their  operating  capabilities  under  lo* 
weather  aiiu  Siuiu  and  duDt  coiidtlluris.  As  a  re¬ 
sult  of  tlie  1043  desert  test,  it  was  determined 
that  solutions  were  available  to  practically  all 
of  Uie  high  temperature  prcblems  encountered 
In  the  desert,  and  that  mucli  future  work  could 
be  conducted  b  high  temperature  and  sand  and 
dust  chambers  then  avallalvle  to  the  Air  Force. 
As  a  result,  both  the  cold  weather  and  desert 
test  design  and  development  programs  were  put 
into  effect  by  Haadquarters  Air  Force:  the  tem¬ 
perature  range  of  -65  to  -rl60  F(-54  to  +71  C) 
was  Bpecltlod,  These  v/ere  established  upon 
recommendations  of  the  Engineering  Division 
of  Air  Materiel  Command. 
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Shortly  after  tlie  initial  desert  test  programs 
V  ere  completed,  It  was  decided  that  other  en- 
viromiii'titg,  primarily  those  associated  with  the 
rani’o  ot  -65  to  +160  F  (-54  to  +?1  C),  fihcaild  be 
!!ivestt(;atcd.  Trooical  tests  were  periormad  at 
1  raii^o  Field  CHPiU  Zone_durlng  July,  August, 
and  ?optemb0rof  1944.  ijowever,  Uie  teat  period 
was  liOi  long  enough  to  make  a  thorough  ttvalua- 
lion.  It  was  found  Uiat  some  corrosion  took, 
place,  hut  what  was  cxperlerr.^d  was  not  too 
serious;  however,  It  might  have  been  more  ser¬ 
ious  if  tlie  test  period  had  been  more  extensive. 
In  the  case  of  armament,  it  was  determined' 
which  lubricants  were  tlie  most  effective  under 
hot,  moi-.  eo.-iditlons.  adequate  maintenance 
proceuuron  were  developed.  Proper  procedures' 
for  tlic  care  of  lombing  equipment  were  also 
evolved  during  tliese  tests.  There  were  some 
problems  in  photographic  equipment,  such  as 
condensation  on  the  cameras  caused  by  the  air¬ 
craft  being  cold  soaked  while  at  a  high  a'tlbsde, 
and  then  dropping  to  a  low  altitude  into  moist, 
hot  tropical  air.  As  a  result,  heating  coders 
were  provided  for  cameras  to  prevent  conden- 
fca.tlon.  Also,  the  Photographic  equipment  speci¬ 
fications  were  reviewed  to  pinvldo  for  fungus 
icslstajice  and  fungistatic  and  fungicidal  treated 
materials,  for  corrosion  proofed  metals  and  for 
i  ackaglng.  U  was  found  Uiat  some  of  the  prob- 
1'  iTis  wsro  ‘j«Jsod  by  supply,  sines  cpsrsitins 
groups  were  rot  furnished  with  adequate  Infor¬ 
mation  or  properly  packed  material.  In  regard 
to  power  plant  equipment,  there  were  no  prob¬ 
lem  areas  that  could  be  attributed  to  the  tropl- 
( al  c'imale.  The  requirement  for  rust  preven¬ 
tive  hydraulic  fluid  was  also  determined  to  be 
iiiiiicccssarv,  slnceliydraullc systems  were  gen¬ 
erally  unaffected  by  tropical  climate.  In  gener- 
;d,  iL  was  found  tiiat  aircraft  could  operate  oat- 
isiactoi  liy  uudtrT  tropical  conditions  will*  no 
more  tiinji  a  normal  amount  of  maintenance.  . 
lio'ccver,  tlie  corrosion  ol  aircraft  ptructuros 
was  found  to  be  a  potenllally  important  problem 
i.<  ea. 


'Y^'hile  nr,  serious  problems  were  uncovered 
m  U.  c  Froi'.ee  Field,  Canal  Zone  tests,  it  was 
believed  advisable  to  galliermore  experience  lu 
ti  ipiial  regions.  For  this  reason,  It  wah  de- 
<  nl'-d  that  a  Tropical  Science  Mission  be  sent  to 
d  ■;  many  tiopical  areas  where  the  Air  Force 

o  .urciU'B. 


During  1945  and  1946,  the  Troiilcal  Scieiiee 
Mission,  headed  by  Lt.  Colonel Nlmmo  C. Tyson, 
and  staffed  by~many  scientists  and  engineers, 
used  a  C-54Ci  and  studied  Air  Force  operexlons 
and  problems  in: 


Hawaiian  Islands 


Fiji  IsLiiii±3 
Australia- 
Admiralty  Islands 
Philippine  Islands 
Saipan  —  “ 

Japan 

Indo-China  “ 


Canton  Islands 
New  Zealand 


New  Guinea 


Guam 


Iwo  Jlmc- 


China 


Brazil 


Africa 
West  Indies 


Outdoor  Exposure  Sites 


Table  1-1.  Outdoor  Exposure  Sltea 


Ti  ‘fl  Site 


Operating: 

agency 


1  r  1  orcc  or 
j  T  I  or'  '•  Cunt  raul 

1 

1  -X'.u,.}  }  .tiKij-nre 
iU', 

■  1-  la 

1 

UnlvcrsHy  of  Alaska, 
Gutij'hyslca)  Institute, 
Colltjoi,  Alaska;  under 
1  Mr  1  ui  CO  coTilracl 

Date 

founded  or 
established 

Preaont 

status 

Climate  and 
atmospheric 
conditions 

Romrke 

1047 

Active 

Arctic, 

Subarctic, 

Rural 

Generally,  It  was  found  that  storage  condi¬ 
tions  were  lnadeq;uate,  and  the  majority  o'  ma¬ 
terial  stor  4  out-of-doors  was  unserviceable. 
Electronic  qulpment  was  deteriorated  beyond 
fioA  fjp  rspLir  by  siolsturG  fun^^s  or 

both.  ■'1+,.  •,  ’■ 


Ihe  mission  made  evident  a  definite  need  for 
researcli  programs  on  the  effects  of  weaUier, 
mycologicU  and  microbiological  agents  on 
equipment. 


Outdoor  exposure  sitw  vere  developed  pri¬ 
marily  to  evaluate  materials  under  actual  con¬ 
ditions  of  weathering.  Later,  during  World 
Warn,  such  sites  were  used  for  exposing  equip¬ 
ment  ^at  would  have  to  undergo  long  periods  of 
storage.  These  sites  were  also  used  in  attempts 
to  establish  correlation  between  the  acluaf  fp- 
vlronmeiite  encountered  In  nature  and  those  sim¬ 
ulated  in  laboratories.  'The  names  and  locu¬ 
tions  of  Govommont  or  Government  sponsored 
exposure  sites  and  other  Uiformation  pertinent 
to  each  arc  shown  In  Table  l-l. 
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Tftble  l-l.  Outdoor  Ertpoauro  8tt«s  (oonUnuod) 


Joint 

r<icllity,  Naval 
Air  Station, 

FJ  CnntIV), 

Callfoi-nla 


New  Mexico 
Aclinic,  I,a8 
Cp’cts,  New 
Mexico 


South  Florida 
I'xfHtsure  Site, 
r.mbry  Kltkllo 
Air  Da«",  Cera’ 
Cable.",  Flci'da, 


Navy  or 
Navy  Contract 

Arctic  Test 
Station,  FotiA 
Barrow 

Fi.schcrs  laland, 
Miami,  Florida 


llantiAon  Hoads 
Fx[>osurc  S"‘c. 
Naval  Air  Station, 
Norfolk ,  Virginia 

I/ikehuiMt  Naval 
Air  St.iton, 
l,akeluiiBt,  New 
■Jersey 

Naval  Civil  Engi¬ 
neering  Heecarcb 
»;id  Evaluation 
Faboi  ill,,  j  ,  Port 
lIueneiT'e,  Cali¬ 
fornia 

Nava!  Materiel 
I,'iboraiory ,  Marc 
I'll'ind  Naval  Slilp- 
yard .  San  Kran- 
('lai'o,  t'nllfornla 

Naval  Material 
I/iboi  atory. 

New  York  I'aval 
Sblpyanl, 

II ri loklyii ,  New 
Vot  k 


Opcrallng  m, 

«gency 

Date 

founded  or 
eatabllebed 

Present 

statue 

Cllmare  and 
atmospherio 
condtUons 

Ilrttod  SUtoa  Air 

Force  and  burMui  of 
Aeronautics 

194a 

AoUts 

ttWm- 

Desert  f 

(Arid), 

Rural  y 

■ 

New  Mexico  College 
of  AgrlculParal  and 
MtHi.tauic  Arte, 

School  of  Engineertre, 
State  College,  New 
Mexico;  under  Air 

Force  oont.-sot 

1947 

Aotlre 

•  t  ' 

c 

(Arid), 

Fhiral 

tJnlled  Staiea  Air 

Force 

lesa 

DeactlTSted 

1645 

Subtrt^oal, 

Rural, 

Beaccaat 

1  •  . 

■ 

United  Ststea  Nsvy, 
Dure.xu  of  Yards  and 
I>xiks 

194a 

Deactivated 

19S2 

AroUc, 

Rural, 

Geacoaat 

United  States  Navy, 
Bureau  of  Aeroosutios 

194« 

Active  •  ~ 

:4»* 

Subtmploal, 

Rural, 

Seaotwet 

United  States  Nai'y, 
Burew  of  Aerouautlco 

1920 

Deactivated 
1958  _ 

Temperate, 

Urban, 

Beacoaet 

United  States  Nary, 
Bureau  of  Aeronautics 

1957 

Active 

1 

Temperate, 

Seajoaat 

United  States  Navy, 
Bureau  of  Yardc  and 
Docks 

1948 

Active  ” 

I'eniperate, 

Rural, 

Boaccest 

United  StatoB  Navy, 
Burnau  of  Ships 

mi 

Active 

Temperate, 

IiidustrlBl, 

Beaouast 

United  Staiea  Navy, 

But  uau  of  Stdpe 

1949 

AcUve 

Temperate, 

Industrial, 

iieaooaal 

IU>  marks 


inaterlsl* 
exjxaiuii'e  Blt«. 


OperstloTua  movod 
to  WrlghtsTllls 
Bosch,  North 
Csrolios. 


Originally 
estsblisbi^  St 
Solomous ,  Mary- 
lasd,  Mo/od  to 
Port  Huotiome  In 


•» 


■.  t"-:- 
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T.'iblo  1-1.  Outdoor  Exponure  Sitoa  (continued) 


t 


Site 

Opfiratlng 

agency 

Date 

founded  cr 
estabUiibeil 

IVoacsit 

nattiui 

Climate  and 
utmoapbcilu 
'ccndlttona 

Remarke 

I  ro;’'".'!  iJcterl- 

t'nlvorBlty  of  Penn- 

June,  1044 

DAiottvated 

Tropical, 

OSRD  contract 

' 

oration  lob; 

Bylvanl*;  under 

■  -  , 

July,  1946 

Rural, 

trvnaferrad  to 

Sutioi!.  Viar-x 

Office  of  Solentifio 

• 

Seacoast 

Nava}.  IleBcaroh 

C«)ior'i',*v • 

Hescarch  and 

Laboratory 

It 

r:iiiarfia  CbjUiI 

Development 

"  '=■ 

December  1,1945. 

■  t.'^l 

■t-i  |JA 

Zone 

Tropical  Kxjxj- 

fJavai  Reaearob 

July.  104e 

Deactivated 

Tropical, 

Fort  Shormen 

■  iC  H 

Kiirc  filBtlon, 

laboratory 

y-f 

loss 

Rural, 

MiUtai-y  Reaarva- 

Tort  Siierrr'vo 

Seoccutt 

Uon  olosi-d  by 

■y-y 

Rco^irva- 

1 

Army  in  i953. 

'  r  r  1 

lion,  Panama 

..'.q-.V  ,  ! 

Caniil  Zoite 

‘ 

’1  ropu inl  Kxjvj- 

Naval  Itoaearch 

1963 

Active 

Tropioal, 

FaolilUeB  avail- 

'  :  ^ 

fluro  vSltf  f  '>co 

Loboratojy 

' 

Rural , 

able  to  all  mia- 

Solo.  "  f 

Seeooaat 

tary  egenoies  or 

tJI 

C'^^a•  * 

'■ 

tholf  contractors. 

•V' 

' 

DmiB*  jtingle. 

For  infonuatloa 

'  ’  4“- 

op«£i  clearing. 

contact  D.A. 

‘ 

e  .  »iy/ 

aeaaliure  and  ' 

AUtxander,  Ravai 

■ 

faiitt  available 

ReRonro’’.  Ijabo- 

■%! 

aa  altea. 

ratcry ,  Vt'aahing- 

■■..V 

tonSe.D.C. 

t.  !^;ii  ;  '•J 

■  ■  1-4^.  |i‘  ^ 

1  roplcal  Col  TO- 

Naval  Fteauarch 

1940 

Active 

Ticfioal,  ;  . 

btarUid  by  Van- 

’■W-t  i/'J 

'Ion  l.aUorr.l'ir,', 

Laboratory 

• 

.  *7- 

Urbatir  I 

ama  Cviial  Com-  . 

,  ;  ^ 

I’.'inamu  Cnr.«l 

fti/XCoa«t.  " 

pany.  OptirvAion 

■IS  1 

Zone 

Sttea  at 

taken  over  by 

'■  v-1 

. 

Colon,  Mira- 

Naval  ReDcaroh 

floroa,  Fort 

L4liOf4iJory 

Amador  and 

November  10, 

■  N  , 

Oatun  A/rcb* 

ler-Jt.  , 

-  ^''J  n"i 

Army  rk’- 

ifi 

Army  Contract 

■' 

■  fe 

Ahcrck'rik  I'r(jvln|5 

United  Statoa  Ann;r, 

1919 

Active 

Temyairato, 

■ .?  ^ 

'irotind,  Aberdeen, 

Ordnance  Corps 

Rur^ 

reallEg  done  ulnco 

'i'  N'i 

'.iaryi'uiv 

Wrarlfl  War  11. 

'  - 

Army  Ai-  .;c;  and 

United  Slalea  Arm;-, 

1849 

Active 

Arctic  r  t9jb" 

; >f  Sj 

MuliiiUdn  'j ;  alnin^ 

Engineering  Corpti 

V 

arcUn, 

7'/  ViN 

(.'■.•ntcr,  Toil 

*-  . 

Rural 

. ,  1  •«-> 

» 

1 rocly ,  Alaska 

United  Staten  Array, 

UoaTidlil^le 

Active 

Teinpeniture, 

A 

kiiRiiiCPrird 

Chornltal  Corjre 

Rural. 

1  f'oinnriiiil,  Army 

seaopiiat 

•'.ticmicai  i  enter, 

■  -  .-I 

'V'lrylnn'! 

' 

1  lU“/>earcn 

Utiltid  Slates  Army, 

lyenlgTiated 

Aotlve 

Tentjierale, 

I>i  lor  to  1947 

t 

I'ui  I'';veli.i,niciit 

Engl  lire  ring  Corps 

NUDL  on 

Pvrnl 

ERUL  was  f.ngl- 

*f  ] 

1  al'iii  ntoi ,  f  1,1 1 

Mftixh  6, 

noer  Hoard 

1  ’r*lv(,i  T  ,  V  1  »  •;ihl  a 

1947 

Vrovliig  (1  round. 

''  i 

1  n**l  Art  til;  ’Ic-Ht 

United  Staten  Army, 

1849 

AdtlTu 

Arctlo,  £kib- 

li  aae  used  for  varl- 

'  i  rit'-r  ,  I  nr  1 

Engineering  Corps 

arctic. 

ous  Arclln  winter 

1 

i  '  1  in  t  hill ,  » ■  itiufla 

Rural, 

ejcerclnca  (1U45- 

Seaooaat 

1948)  hofort>j)or- 

inanont  test  center 

■ 

- 

was  espbitahed. 

- 

-- 

- 
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t 

■  'v  ■  1".:  ■  '.  ■'  .--'3 

eau  ot  . 

liza 

‘*10 

Avtlra  , 

Ii.  ■ 'iv 

■■  r/r\ve  c  '  .'t 

1  a  1  •" ft  ..IN', 

..  3....  ■  ;.  ..,  l.n.;.,j-T 

■■'-t'  '•b'..n')-,'.  i 

L'....ftiai£rlBiuJiI>uL 

j  '  M’lim  'or 

rcli  nit%i 

Krt^jlnorr  'i4  (KKA) 
I'lirl,  l,<-p, 

I  Vlrxlnjii 


■f'u  I  'HlfifoBjlait  i  j  '  i  ■ 

_ _  M-  •  ;:rt, 

i  States 


United  Statesr 
<>:^.-*erm*at<  t 


I  Yuma  Test  .‘>tatl<>n.  United  Stateat 

Vuiiia ,  Arij  oii!t  i 


roam,  nreoaf'id  t,  arvHutKptt  jin >nr  t^Minu  u.er'  U 

.  ■  !'.;ia  :j\i  ■  rj-  r 

'•'.i.-i'j  '■V.;ir*ii".ri  .'7 //It  1  i.ai  p;  >./  i  j, ^ 

Wi-ffiei; 

pP'AtmcatJtpri 

M pi  AprojiVijt?^ 


w 


( nhci' fiiivil mment  F 

fi<ajtli«rM  liinlonal  Department 

lltlll/.itioi'  l,iit/<i-  culture  '{'Stitircn  BldlLS- 

nUoi-y.NrMOrlerneJ  V  .TioUcfes  (Uld 

l/«iiil»ri;i  I 


•:‘AtKd* 

s 


I'nKiiil  f^liifirs 
Ffirom  I'l'Lliicla 
!,rilMirnturj',  Mi:dl« 
mon,  Vi'iii*,f|!iiti> 

UfKil'  KapuJiu'e 
H.telia,  Wnuning- 
inn  2ri.  JV' :. 


l>-5I«trtment  tfe^oAK 

Writ. i  Adi*; 

Jluai  ftjiii  o'  ^UUieV 

National  Bupv-,..  ii  t  li"‘?»r.’»'-r 


Ii  WAS  the  ot'lginal  Intent  In  (tfeisattnK  4 1,065  to 
^liiVe- A.  8pt9c|llcat.ioti  wru.i -more  ,th(ut  one  loftf 
prtitA<!Slir5;  ipr  ^w.e.i'kl  6<oisWlbt9‘aMlc»nhiifi'.‘'  ^ 
wnif  Jinp'(ia"Vbn('  ^XI>*^ir^Ap'P 
uinetbldafy  ,'t6«|; 

,  'Vrif  S'’  V”  ^ ';ve  v\. 


fUandarda  (fli  ■'■•.  |,•i.•  ..y^  i,i  -ji  ■/.•.ri,  ••).,  .-.I'.'.ri  i.u  ;  u- 'i  .i,i.n;<  y‘ i;>'i ' 

Section)  I  „-•  <  t  Mr--  :/■  :  m'li. ■;  «  '  im an 

■  —  — '—  t  *'•  ■  "4  t  .1  M'l'-i-  •  I-  Ar.  ;i.«-,-r.'  1^  -  IT  ■; M»if|  luoiir.ffl 


t-— *  -  i  -I  ■  .  ||(,r  r  ■ '^■4^  1  .1  M'l'-I-  j-  ArN-.i. ■«■.••.•••'-  1  Ir  M|if|  luoiir.  fflOivt! 

Mriyl  nmni  hrital  Tcallnt;  of  Aerot  i'  n  :■■  ■.>_  •”  \  •.  ■•  '.‘lurn’  j <»• 
niniiiinion . .  .  '* plnstHs  ns  n 

. . .  .  .  ]  !  !  C  .  ^  •  .  .  .  .  J».  3 

Whilf  (■  forla  were  applied  t',  a'  iuvii'  m  .'■>  i)r.rl;i'’'.r.*,-..7,  . . .  ' 

iilnli!  Ill p"  "ijt  III  I'jw  nniJ  I'llKh  t  i)iJ!p.';£‘y, ft -  ■. .  .  ..... 

illilona  action  wan  initlatncl  to  .f-V  ^  V  .  '1-  ^Ui- V  ■'  Y-''~ 

<  ..Nil,  ^  .na  new  e.,,ulpmonln  ov ..  .  -  -4  •  .  ..,.3, 

tui'O  r  M’;.'  ‘  or  •  ifiO  F  c;’i<rv  *- i\ 

w,ui  kjw.'^i  asthe  ”Ynll<iw  i.  r, 

ill  ilic  cf  it.irr'iiici.t  to  marS.  r, ,  .•,  ,•  ,■  ,,.•  .  ■ 

a.inl  laid.'  nil  «!<iulpiii«Mit,  witti  ,.  '' Ijor.'l  •-•r.  ,>.  < 

bIkiw  tlid;  were  (itiaJlfled,  Thi  '  '  ‘ "■'''Itln-tO' Jt-tisliy  ba.sls 

provaJ  ar'.i  Ihn  Itiiil  proce<lni«»||  ■* . .  p 

were  (left  ■rllu'i.l  in  Heport.,  .‘;('.||1  . i  .  .  •  -  •  .i. , 

■r;iKr;i>l'.- i ,  '  Iieslijn  ol  Alrrral  'i  ’  '  *  '  •*'"•’  •’'•'•  1  ’ .  5-\i 

rill  M<|uli  MKiiU  tor  Oiieratlori 

iiiitlir  Coutllllona"  (lalinl  1  No7t!  . . 

report  w  IN  pri'iiiirod  l;y  Uio  . .  5-15 

.‘m‘<  lion  ()1  till* r.iiKinenrliiK  fhvU 
t  iMiiioaiv,  W'lilc  this  proura 

liip.s,  It  (crvntl  ttio  purponii  f--  .  ,  .  ,  . 

ri.|U0)iii(  nl^  Im' ^liiw^ariO  li|Kti^  toil  _  ^ 

mill  (li'iii.'d  lutcl  ii<!t  up  the  v 
O'lircii  (olr  ipiiiUtli  alldo  and  nv 
r  >vi  I  r.in 'lit  nr  liidusiry  dovef 


Inr*  '  e  '  I  .  '  '»i>  n--  ’a»>w-i*w 

.  .  ,-T.  .  . 

J-.'-itAYNiT-..  ;>7 

I'  •ttibUiM 


'■•■ti.  ■;  rjgy  j 


Jl 


a 


_ _ 


_• . 


'liii;  li'Hl  rcquireinentH,  purh  hb  temperature, 
wore  under  review  at  IntorvaJLs  from  1946 
Uiruu^h  1950,  but  Investigation  always  proved 
tlicm  sound.  T)ie  temperature  requirements  of 
•G5  to  +160  F  (-54  to  +71  C)  were  fairly  appli¬ 
cable  to  all  aircraft,  because  tlielr  oparatlor*al 
Bk-  ofl  and  abituiL:s  were  nothlgh  enou,^  to  In¬ 
duce  any  lompcratui^i  alove  160  F  (71  C)  or 
below  65  F(-54  C).  High  temperatures  were 
based  primarily  on  compartment  temperatures 
ol  Die  aircraft  parked  In  the  desert  sun.  In  late 
1949,  however.  It  was  found  that  there  was  a 
need  to  establish  extremo  temperature  atmoa- 
phores  fur  use  In  the  design  of  alrbreathlng 
equipment,  and  In  computing  aircraft  and  en¬ 
gine  |)''*;cr"’anre  withlii  the  rangesof  tempera- 
tu.’^d  it  was  rJso  noted  that  such  atracapherea 
could  serve  as  baselines  for  predicting  future 
environmental  requlrenients.  Tills  work  was 
initiated  by  Wright  Air  Development  Center  and 
resulted  in  the  development  of  hot,  cold,  polar* 
and  tropic.al  atmospheres,  which  are  described 
in  a  Wright  Air  Development  Center  Menioran- 
dum  Report  WCSE  141,  "Proposed  Slanrlard 
Cold  and  Hot  Atmospheres  for  Aeronautical 
Design/'  dated  20  June  1952.  They  are  also  de¬ 
scribed  In  MIL-Si  D  ulOA,  "Cllm3.tic  Extremes 
for  Military  Equipment,"  and  In  the  "Haneftyjok 
ol  Geophysics,"  which  waS  published  by  the  Air 
Force  C’jnliridge  Research  Center.  The  ataioa- 
piiei  us  ai..  picbL'iitly  liie  respoiiBluUujr  Ol  Aii 
Force  c;amtirldge  Research  Center, 

7he  e.strhiishmont  of  the  atmospheres  pointed 
out  Dial  altitude  temperatures  considerably  be¬ 
low  -C5  F  (-54  C)  could  be  cncounterecL  How¬ 
ever,  at  that  time  It  v;as  realized  that  the  aero¬ 
dynamic  heat  rise  from  the  speed  ol  most  air¬ 
craft,  except  ixissibly  cargo  aircraft,  and  the 
heat  ri.se  generated  iii  the  aircraft  from  heat 
prod'jci.'.g  qvipment,  would  probably  raise  the 
mlernal  tompciaturcs  high  enough  to  eliminate 
any  necessity  to  set  low  tcnipcrature  requlrw- 
mcnls  tielow  65  F.  Experlmcnls  wlJi  a  number 
of  aircr.afl  provided  Increments  of  heat  rise  for 
iiuiriy  ri.tcgdi  lea  of  efiiiiimienl  anti  were  supfir- 
Impos'  d  on  Die  cold  and  liol  atmospheres.  It 
wa'i  est,  iJl.mi.id  that  Die  -65  Fwould  he  adequate 
.at  M'l;  1  ir  temperature.  Meteorological  su.*",'eyB 
liave  1m  en  j-'o  lormcd,  Uicnigli,  which  have  shown 


that  It  Is  either  too  hlgliortoolow,  depending  on 
the  choice  of  data.  Many  years’  experience  test¬ 
ing  to  this  requirement  have,  on  tlie  other  hand., 
pointed  out  that  it  la  realistic. 


The  high-temperature  requirement,  however, 
became  unrealUAlc.  In  Mai  ch  cf  1654,  a  study 
of  future  temperature  roqo  irements  extrapolated 
to  1065  found tiiui  the  hlgh-temporature  require¬ 
ment  for  such  vehicles  as  fighters  bombers  and  , 
missiles  could  no  longer  be  established  on  Uie 
basis  of  hlgh-temperature  requirements  on  Uie 
ground.  The  extreme  speed  of  future  vehicles 
was  expected  to  produce  an  aerodcmamlc  heat 
rise  considerably  above  160  F  (71  Tliat  es¬ 
timate  of  future  temperature  requirements  1b 
presented  rou^y  In  Table  1-2.  -J.  «J<ouid  be 
noted  that  Insulation  In  tha  velilcle  does  have  an 
effect  on  the  temperature,  and  this  particular 
problem  wlU  be  treated  more  completely  later 
in  this  handbook. 


Combined  Environmental  Testing 

In  the  period  prior  to  1654,  there  were  some 
attempts  nriadc  to  perform  environmental  tests 
In  combination.  TlAese,  however,  were  fairly 
simple  combinations,  such  as  temperature- 
altitude,  hlrfi  tempui'ature-humldlt.y,  low  tem- 
perature-vlors.ion  and  the  like.  In  early  1054, 

AkA  A./W  WVIAkOA  liliVinVCV*  n  AV** 

quirement  to  investigate  the  feasibility  of  com* 
blnad  environmental  testing  for  qualification  and 
equipment  evaluation  puiposos.  It  was  Intended 
to  investigate  more  complex  CO  nblnatlons  of  en- 
vlronmonti;  titan  simple  combiiatlona  ol  two,  and 
to  use  the  mlsolon  profile  approach.  It  was  ex¬ 
pected  tliat  ntP.iy  combinations  of  both  nutural 
and  Induced  environments  could  be  evolved,  and 
that  one  combination  might  be  produced  tiiat 
would  have  the  worst  set  of  interacting,  environ¬ 
ments.  The  work  was  peilormed  by  American 
Power  Jot  Company,  FUdgofleld,  New  Jersey, 
and  was  coinpleted  In  Septombor  1956.  This 
gave  Impetus  to  combined  cnvlronmenlal  test¬ 
ing.  Comhlnalions  were  evolved  from  a  mission 
profile  approach,  and  Uie  i  roupoctp  of  nlmulat- 
Ing  such  combinations  were  analyzed.  No  effort 
was  made  to  determine  the  coofldcince  of  such 
environmental  tests. 


Tablo  l-£.  Predlctoti  Future  Teraperainret 


Temperature  atei),  F  (C) 

of  eqiilp.nciit 

1955 

1900 

1905 

A 

I.(|’i'(iiiu;iii  ilircctiy  expofied  to  ram  air,  or 
cxtcnml  iti-urlurc 

284  (140) 

COO  (200) 

890  (971) 

II 

I  i|iil|ii,i(int  In  Isolatod  aroaa  and  uncoolod 
ffiiMini  iiiicniB  preXeetod  to  aonie  nxlent  by 
liinulitlijii 

asy  (122) 

.450  (177) 

GOO  (2C0) 

f 

l,(jiilpMH'ia  jirotoclod  by  cooling  ajralem 

180  (71) 

220  (108) 

300  (149) 

i; 

I.lcttronlc 

230  (110) 

aOO  (149) 

376  (191) 
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Ill  M;iy  of  lf»57,  L'lo  Development  Denlgn 
Branrii  of  Uie  Aerial  ReconnalBsanco  Laboratory 
ul  Wri(;ht  Air  Development  Center  initiated  an 
c.vperirr.ontnl  dynamic  snalyrcr.  A  feaelhlllty 
iull-nrale  model  was  buUt  In  the  fall  of  1957,. 
This  facility  Integrated  combined  environments 
.^oi.  t'le  funct‘o;;al  aspects  of  the  equlpmcj.t 
being  evJ -  vtod.  For  instance,  photographic 
et;„ipoiein  could  be  exposed  to  a  combined  en¬ 
vironment  of  temperature,  vibration,  »t»ll* 
pitr!:,  and  yaw,  while  photographing  a  simulated 
moving  target.  This  new  concept  of  testing  prac¬ 
tically  eliminated  tlie  need  for  flight  evaluation 
testing  of  aerial  reconnaissance  systems.  The 
design  of  anew  space  oriented  dynamic  analyeer 
has  been  completed  and  the  analyzer  is  t^lng 
built  at  cicronautlcal  Syslcn.s  Division  (formerly 
v/rlght  Air  Development  Division)  under  the 
cogii:":aiice  of  the  Design  Techniques  and  Analy¬ 
sis  Section  of  the  Environment?!  Division,  En-- 
glnccring  Test  Directorate,  Deputy  for  Test  and 
Support.  Another  state-of-the-art  advancement 
In  ( oinbined  environment  testing  Is  the  test  fa-  - 
cility  assemlilcd  early  In  1958  by  the  Aero- 
Accessoi  lea  Lalxjratory  under  the  aothorlty  of 
Uic  Air  Hcscarch  and  Development  Command’s  - 
rhdliHtlc  V.»3Eiio  Division.  This  Is  Uie  first 
large  test  facility  where,  to  the  combined  en¬ 
vironments  of  sustained  and  vibratory  accelera¬ 
tions,  other  environmental  parameters,  such  as 
extreme  fen  pcraturcs,  altitude,  and  noise,  may 
1/C  added  cluicr  singly  or  In  ccmblnatlcn.  ' 

.Ar  ound  Detober  1958,  funds  were  provided  to- 
conduct  rduitional  combined  environmental  tests. 

A  contract  was  lot  to  United  States  Testing 
Company,  Jfolroken,  New  Jerrey  for  study  and 
test  work  to  deter  nine  the  co.ofldence  level  of 
combined  environmental  tests  In  relation  to 
single  environmental  tests  for  various  cate- 
gortos  ol  C'  llpmont.  It  is  anticipated  that  more 
concentrated  rtfiirt  will  be  oqfiended along  these 
lines  in  llie  future.  Tlie  single  er.vlronmenfal 
test  will  probably  sllU  play  an  In'oortant  part 
in  tlie  research  and  development  p  ase  of  ma¬ 
terials,  components,  equipments,  and  subsys- 
lenis.  aVid  combined  environment  testing  will 
play  a  v.oet  Important  role  In  quaJlflcat.lon  and 
roilatrlllty  testing. 


Hyper  Eiivironments 

In  early  ln55,  consideration  was  given  In  the 
laivlronniental  Criteria  Branch  of  Wright  Air 

I  V'veloprnetit  Center  to  ttic  need  for  reproducing 

tiypcr  environments.  Ln  April  1950,  work,  was 
iniuated  on  a  preliminary  Investigation  of  hyper 
■  iwlii'MiiK.U'ts  and  nielliods  of  simulation.  It 
was  Uiat  Uils  work  shc<uld  Investigate 

i'n-.  iio,i;.ii  nts  occurring  In  fllglit  ve-hlcles  at 
all  I'.j'j' .s  at/jve  75,000  feet,  define  these  en- 
\  ii  (.lun'Mit.H  anticlpalo  effects,  develop  simula¬ 
tion  ii  '  UiodT,  p.r;d  evolve  a  hyper  environmental 
tc.sL  f.iiility.  Ilic  work,  performed  by  ItCA, 
‘  anil'ii,  New  Jcisty,  was  completed  uy  Jan- 
natv  lO.jij,  the  first  report,  which  described 
livpi  i  i  r^vi roiiinenis  and  tlielr  oflects  waaavall- 

II  i-  Pv  ,Ully  ’ 


The  launching  of  lUisslan  and  American 
sat.2llltss  emphablr.ed  the  poaslbUlty  of  epaco 
exploration  and  focused  attention  on  a  need  for 
more  specific  knowledge  of  the  space  environ¬ 
ments.  ,  _  ■ 


Kuclear  Environments 

Nuclear  envlroncieota  beenme  lniport.nnt 
with  the  initiation  of  the  nuclear  bonSier  bi 
August  1954.  The  environments  provided  by 
the  reactor  spectrum,  constating  isrlmarlly  of 
neutt'on  and  gamma  radiation,  could  olfect  man 
as  well  as  materials  and  equipment.  Nuclear 
radiation  was  reco^lzed  as  an  envu-onment 
supertmposed'upon  tine  other  envir*.''  ‘’j"n’.‘;,  with 
possible  Interacting,  reinforcing,  ano  iiuiibltlng 
efi'scts.  At  that  time,  work  was  already  going 
on  to  build  reactors  and  hot  cells  to  stuo^  the 
effects  of  nuclear  radiation.  Several  industries 
have  been  engaged  in  the  nuclear  propulsion 
prograia  to  build  reactors.  However,  Uie  one 
being  built  at  Wright  Air  Development  Division 
ifi  one  of  the  first  to  recognize  the  need  for  sim¬ 
ulation  of  other  environments  in  combination 
with  radlattcm.  A  study  was  made  to  determine 
the  Interacting,  reinforcing  and  Inhibittcg  en¬ 
vironments  that  may  be  encountered  In  future 
nuclear  powered  vehicles,  Many  of  the  results 
of  the  study  were  Incorporated  into  the  reactor 
tost,  ecus  being  built  at  Wnght  Air  Development 
Division. 


Future  Trends 

Considerable  research  Is  sliU  required  bc- 
ford  an  Ideal  environmental  teat  jprocoUure  wUI 
bo  evolved.  The  Interacting  and  bihlbttlng  ef¬ 
fects  of  both  natural  and  induced  environniontB 
and  their  combinations  must  be  analyzed  and  re¬ 
viewed,  and  from  tills  point  we  must  evolve  test 
procedures  to  cover  both  materials  and  various 
categories  of  equipment. 


Laboratory  testing,  ss  currsnliy  practiced, 
suffers  from  the  pioUem  of  lnadf3quate  correla¬ 
tion  between  the  effects  of  test  environ  merits  s.od 
the  effects  of  actual  sorvlce  environments.  To 
keep  tostbig  time  within  practical  limits,  a  lab¬ 
oratory  test  very  often  requires  iiicreared  se¬ 
verity  of  an  environment  over  that  which  would 
be  encountered  In  actual  service.  This  reaults 
In  accelerated  dcterioraliou  effects.  The  , 
dence  of  such  a  test  depends  upon  adequate  cor¬ 
relation  of  the  time  duration  and  severity  of  the 
lent  environment  wlUi  tiie  expected  time  dura¬ 
tion  and  severity  tit  tlie  actual  service  environ¬ 
ment.  To  Improve  correlation,  work  is  cur- 
reiiUv  being  conducted  bi  the  development  of 
stantfard  environmental  tost  Bpeclmonn.  Tiiose 
are  devices  that  react  Irreversibly  In  a  kno*n 
and  prcuictablemaiuiorwhensut^octed  to  a  spe¬ 
cific  environment.  It  is  expected  tliat  in  the  fu¬ 
ture  Uiese  standard  test  specimens  wUl  permit 
the  deterioration  effects  of  «nvlrtinn)»n»lHi  ex- 
posuiTO  to  be  more  exactly  evaluated  In  terms  of 
duration  and  intensity. 


I  ■  c  «.■  lent  procedures  were  evolved  by 

ai ''ll/ .I'.lon  and  experience,  plus  some  reseiirclt 
aii'l  I  xperlmeiitatlnn.  In  the  future,  however, 
b'lh  l;vpor  a/id  combined  environmental  test 
.'ri  Lcdiiror;  vlLI  l)e  founded  primarily  on  scien- 
ti;..-  iM  i/iclj)!(  s.  For  this  reason,  environmental 
baf.  liecotne  a  separate  field  of 
s(  icnUlic  endeavor.  It  Is  Ir.iorestinK  to  not** 
tl'./t  a  proRrarn  that  bepan  wlUi  such  elementary 
rcijiiireirients  as  cold  weather  operation,  In 
uliuh  practically  anybody  could  elUier  wait  for, 
1/  ii'  o)  to,  or  reproduce  Uie  environment  by  the 
■I  e  of  a  wooden  box  and  some  dry  Ice,  has 
rea'lied  a  |xiint  of  complexity  that  Involves  a 
mjcleur  reactor  will)  environmental  chambcro, 
as  well  as  ad v a.' cod  hiT^r  environmental  com¬ 
bined  fic;in.i:s.  Figure  1 -1  gives  an  Indication 
cf  tlie  orivlronniental  program  of  the  Air  Force. 
Int  Croat  is  In  IxiUi  tlie  conventional  and  hyper 
envii oninonts,  single  and  combined,  and  in  ea- 
tatilrdiing  requirements,  test  procedures  and 
now  fac  ililic-s  lii  all  technical  areas.  Coiifllder- 
al/le  work  has  been  done  with  the  single  conven- 
tion;i)  environments,  Init  there  has  been  little 
V.  i/K  done  in  conventional  combined  environ¬ 
ments,  pri'narily  IQ  tlie  equipment  area.  In  the 
hyper  cnvlronrncnt  area,  only  a  small  amount  of 
work  l-.as  been  completed,  but  much  Is  still  In 
process.  .Single  hyper  envlronmerita  will  have 

10  be  imdcrstooii.  but  combinations  can  also  be 
aUidicd.  llencc,  fiio'ransition  to  combined  hyper 
environments  will  not  proceed  as  slowly  as  It 
did  in  Uie  converitl>..il  environmental  area. 

Fir,  i  I  iinnicn'ul  engineering  Is  also  Impoi'tant 
In  itie  development  of  satellites  and  space  ve- 
hielcs.  Knvlronment.-;  near  the  Earth  and  on  the 
Moon,  Mars,  Venus,  and  other  planets,  as  well 
::3  'll  iniendanelary  space,  must  be  understood. 
Tlie  atinosplierc  of  <lie  planets  and  tliclr  weather 
nius'  be  detei  .inne'.*.  These  eovirOtimenls  must 
♦iien  l>c  expres.yed  as  design  requlrenients,  and 
tliC  ‘.  xpre.s.slon  must  Ik  simple  and  easily  under- 
BioO'.i.  rtien,  l.'icUltlos  and  test  proceduren  for 
C'lnipi’,-  cuts,  i  (..'uipmeot,  s'Jbsystems  and  fllglit 
vetiulcs  must  bo  evolved. 

llic  ultimate  need,  of  course.  Is  a  lai'IIlty 
and  lest  prutfc.iuro  oi  some  environmental  com- 
binati  ui  U;at  would  pi-ovldc  in  one  facility  and 
in  one  test  proce':l'ire  actions  of  all  the  Inte- 
I'rai'.ai  cnrironmentc.  This  would  sUow  evalua- 

11  'I.  .,1  i.j  Sleiiii,  ii,iu:!i  more  rapidly  than  we  are 
abb.  ti.  ucconiidi.sh  today, 

rig'ni  s  1-2  and  1-3  show  Uie  p,  ogress  ol 
cnvir'iiininiital  engineering,  Ixjth  past  and  pro- 
j'  lti  J.  1  igure  1-2  indicates  tlic  relative  ad- 
vmu  cy  main,'  In  Uio  various  areas  of  envlron- 
mciii  ,1  eiigini'i  I  ing,  as  well  as  tlio  lime  at  which 
'.’.c  d'll''if  iil  envirunmcnls  became  Importan*. 

1  igc.i  (■  ]  -3  sliowB  liow  Uie  types  and  severity  of 
cn'.ir  tininnls  mi Duntcrcd  have  clianged,  and 
h'i'A  ii  I  \  will  li.iiine  even  more  in  tlio  Iijture,an 
11' w  itid  ini|ir  'iv<'d  fllgfit  vehicle  systems  are 

li'v  1. 

t'.  ■'ll'  'inary.  ctivlronmental  criglnccrt.'g  has 
I  '  '  ■  d  til  ;i  MTvlLe  engineer  lug  problem  Into 
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Envlronirents  Environttients 
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Components  |  Propulsion 


Fig.  1-1.  Air  Force  environmental  program. 


a  complex  research  program.  In  reality,  the 
htBtory  of  environmental  euglneerlng  is  only 
now  b^i'nnlng. 


.GENERAL  PHILOSOPHY  < 

The  Air  Force  Is  interc,«ied  lu  obtaining  high 
quality,  reliable  flight  velilcles  and  support 
equipment  at  the  lowest  poeslble  cost.  I'hls  la 
a  challenge  facing  the  Air  Force  and  the  entire 
Industry  supplying  the  Air  Force.  As  fllglit  ve¬ 
hicle  mlseloiis  become  more  complex,  so  do  the 
envirouinctiis,  the  vehicles,  and  the  Job  of  at¬ 
taining  operational  reliability.  While  the  job  of 
attaining  oporatlonal  reliability  Is  not  entirely 
environmental  engineering  In  nature,  an  in- 
crpaslngly  large  portion  of  It  Is.  In  the  strict 
sense  of  word,  even  stni.'ture  imd  wind  tun¬ 
nel  lusts  are  environmental  in  nature,  though 
environmental  engineering  has  avoided  reference 
to  those  tcBis  as  envlronmontal.  The  greatest 
application  of  environmental  engineering  is  In 
Uie  development  and  qualification  of  materlkls, 
components  and  equipment  that  can  withstand  the 
environments. 

~ln  former  years,  the  Air  Force  evaluated 
materials,  components,  and  equipment,  botti  for 
government-  and  inwstry-dcvolopod  Items. 
This  was  done  because  performance  and 
requirements  were  more  generally  appli¬ 
cable.  With  the  coming  of  jet  aircraft,  mlosUeo, 
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Fig.  1-2,  Capability  trcoida  in  bOTlronmeotai  eoglDeerUng, 
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and  Uitir  associated complenltlcs,  requlremei'td 
and  performance  had  to  be  tailored  to  specific 
vcliU  lea.  WiUi  tlie  advjjiced  vehicles  of  the  fu¬ 
ture,  t(  ni|ileKitywl)I  s'dl  le  Increasing,  ac  will 
die  vailcty  of  environment*,  and  the  prohloms 
of  aiiai'lni;  operaiionai  reiiabiiuy.  'ihe  Air 
Force,  tnen,  will  still  be  evaluating  new  matorl- 
al.s  and  tornponcnls,  but  the  balK  of  emaluyiiif; 
and  developing  new  equipment  will  fall  on  the 
shoulders  of  indu.sliy.  In  the  equipment  area, 
the  Air  ForvC  will  continue  to  Initiate  develop- 
mtnt  oi  new  types  and  concepts,  and  may  test 
eomf  of  the  coiictrpts;  hnc.-cver,  the  Air  Force 
■vill  not  eiig.'ipe  to  any  grout  e.xtent  directly  In 
ilin  qo.illlii  .itiuti  and  testing  of  equlpmonl  lo  be 
placed  In  prvJuetlon. 

lac.  Ironmonla!  eiiKincerlng  is  actually  a 
heiic.s  c)[  rt'i  .iieniciit.s  that  are  applied  In  all 
,  h  r  (  s  'if  f.ysieiii  development,  from  the  Initial 
'li  iice  of  niatci  l.ils,  to  (lie  ulllriiate  eysteoi 
ml  ei:r  :il  inn , 

-del  1  ::l:j  I'vilualinn 

;ii  u  irati'i  ial.s  .ire  l  oin  tanlly  being  evaluated 
I  M  I'll  iiular  pinjiiTtli'S  ticeded  in  Uic  future, 

1  -  I'l 


and  under  environments  expected  for  future  ap- 
pllcatlonB.  Extreme  teraperaturee,  iiuclear  ra¬ 
diation,  short  warelength  radiation  and  vacuum 
are  a  few  of  the  emdrorments  that  inuotbe  con- 
Biderod  in  materlalB  evaluation. 

Electronic  Componenta  Evaluatlou 

Electronic  components  aro  developed  for  a 
variety  of  uses  and  must  bo  tested  for  operation 
under  all  poesihie  envlronnaents.  They  are 
given  qualification  losts  and  reliability  tests, 
&th  of  which  Include  environmental  testing. '  ... 

Equipment  Evaluation  and  Quallflcatlcn 

b>  the  development  of  oqulproenl,  mimy  engi¬ 
neering  tests  aro  run  under  eiivli-onmcntal  con- 
ditloiiB  tliat  are  necessary  to  faoper  develop- 
merit  ol  the  Item.  This  Is  gene  rail  v  con.pletcd 
with  tlio  qualification  test,  when  ant.  If  Uie  Item 
is  lo  go  Into  production.  This  Utter  tost  Is  also 
predominant^  environmental  In  natnrf ,  prl- 
inarlty  tiecause  of  Uic  operatlorai  diaracterls- 
llcs.  The  project  engineer  sets  up  Uie  lest  pro- . 
gram  and,  In  geiiersJ,  sciccls  tests  from  a  va¬ 
riety  of  cnvlronmenltu  test  Bpccil.’.catiuiis. 


■  I 


’  *^ellal)lUty 

Suiiieiiinc  near  the  aid  oi  the  development 
jjli.ise,  an  ilein  ui  o<4ijipUiiei)t  la  tw 

und-jrtro  reliability  tosta.  iTiece  teota  are  run 
r.pecblcd  environmental  condltlona,  which 
do  not  ticreesarlly  i’epresent  the  extreme  op- 
oratioiial  environment.  These  tests  are  run  on 
"lots-  wl  '*''•11“  ic  assure  a  statistical  pupula- 
1  (lion  and  a  probability  t.i»t  the  equipment  will 
have  an  acceptable  mean-tlme-between-fallure 
rnie. 


P rodurt ion  Sanipling  Tests  (Quality  Control) 

roorin^  production.  It  la  customary  to  use 
fd  attslical  sampling  (one  out  of  ten,  one  out  of 
filty,  or  some  other  figure  established  by  qual¬ 
ity  control)  to  ascertain  tliat  an  Item  still  meets 
tiiC  rigorous  performance  and  design  require- 
:iionl3  of  Uie  original  qualified  Item.  ‘Theso 
sampling  tests  Include  some  environmental 
tests. 


Category  III  Flight  Test 

The  first  end  Item  test  of  a  complete  weapon 
svatem  la  the  category  Dl  flight  test,  v.hlch  In¬ 
cludes  cold  weather  field  tests,  deseit  tests, 
icing  tests,  adverse  flying,  special  high  per- 
formanco  testa  and  c^ratlooal  suitability  tests. 

Operational  Use 

The  real  lesL  ts  operational  use  of  the  fllglit 
vehicle.  Aircraft  that  are  recoverable  give 
much  Information,  and  allow  corrective  action 
through  the  uee  of  an  imsatlsfaclory  report  and 
service  engineering  channels.  This  Is  not  the 
case  with  unmannea  vehicles.  The  operational 
phase,  particularly  la  IRBM’s,  ICBM^n  and  sa¬ 
tellites,  Is  essentially  a  hl^y  instruoiented 
test  flight.  The  IRBM  and  ICBM  v,  ill  ••o  opr.-a- 
tlonal  for  only  a  short  period,  and  no  c,jrr-ctlvc 
actloncanbe  Instituted  on  those  launched.  Never¬ 
theless,  telemetered  data  will  be  avallablo  for  ap¬ 
plication  on  successive  vehicles.  The  satellite 
and  space  vehicle  will,  for  a  long  time  to  come, 
he  essentially  a  test  v^icle.  Actually,  they  are 
(0.  /Ironment^  research  vehicles. 
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CHAPTER  2  I  i 


ASTROPHYSICAL  FAaS  AND  ENVIRONMENTS 

t 


Tfif  natural  environments  Imposed  on  a 
wt-ainn  system  depend  on  where  and  how  the 
rystom  1h  to  lx?  used.  Environments  differ  a 
M  rcat  deal  '-om  zr.o  peofuraphlrtl  location  to  the 
ni'x’.,  iiiu  also  frora  one  level  of  aerospace  to 
tile  iiext.  The  weapon  system  Itself  comprises 
nuLTiy  components  that  may  tte  located  indlvi- 
dii.'iliy  in  diffetent  environments  for  a  single 
iidssion.  Also,  during  some  missions,  dlffer- 
<'i)t  pieces  of  equipment  will  probably  encounter 
tliffercnt  extremes  of  environments.  The  flight 
vct'iric  may  l>c  subjected  to  severe  envlron- 
ineni.d  shorKS  by  guini;  from  one  extreme  of  an 
eiivironnicnt  to  '-he  oUier  In  a  short  period.  With 
!■  round  support  equipment,  Uiou^,  enptoBite  ex¬ 
tremes  of  environments  may  only  be  encoun¬ 
tered  over  long  periods,  and  so  the  duration 
l  iuijlem  is  ;;.il  as  great.  Nevertheless,  It  Is 
rtili  very  iuip..' tant  to  ccncldcr.  For  tntsr- 
p'linetary  sy.stctns,  a  wider  scope  of  envlron- 
iitenifi  inubl  be  planned  for.  In  space  and  on 
Mime  of  Uio  plr-.no'.ary  Iwdlea,  different  types  of 
'.ri'.'ironiiierit.s  lie'-oine  more  Important  than 
otlic-s.  This  chapter  dl.scussos  Uie  astrophysl- 
c.'u  envlrcninents  existing  outside  as  well  as  In¬ 
side  tiic  solar  sy.-,tcm  tliat  may  be  encountered 
I'y  v-eapon  sy.stnmp. 

TAl  AXirs  /  l,i,  j  / 

The  universe  stretches  fai'  beyond  the  Solar 
fiyftem.  Our  galaxy,  Uic  Milky  V/ay,  consists  Of 
over  100  I'iiiun  stars.  Interstellar  dust  and 
('  locous  .'n,,'rrial.  Ttic  .Milk."  Wa”  is  aixjut 
T.i  i.oOO  to  ''00,000  liglit  year.s  In  diameter  (a 
li  .III  y..-:tr  is  aiiout  C  x  lOl^  miles)  and  aoproxl- 
ri.l''  !y  I’ll  lo  40  tliiiusand  ii  jht  years  thick.  Tlni 
s'li)  i:j  uii  insignificant  .star  In  tills  galaxy,  and  is 
I'c.i'.'  d  api."i,'.''J  nialcly  30  thousand  light  years 
i’l m  tiic  galactic,  center. 

.'icytHid  our  galr.xy  are  countless  other  gal- 
;'\i' s  .inti  tliislcrs ol  galiixles.  Tin,  galaxies  are 
cl  li.icc  mam  types:  siilral,  elipt'.cal  and  Irreg- 
u):ii.  Ttio  Milky  Way  is  one  of  several  galaxies 
Hi  a  MM. ill  cluster  known  as  the  Local  Group. 

I'.  lr  igi.ii  is  Uie  most  alxmdant  chemical  .u 
■  I'. I  :is  It  IS  In  Uic  stars  Uicnisclves.  Astron- 
'  :i.  t:;  have  made  use  of  Uil.s  fact  In  dolerinln- 
Hi  .  till’  radi.il  vclol.lly  and  distribution  of  stars 
H.  ! ;  .!(  c,  HydnijM  n  eiidis  radiation  In  a  limited 


number  ol  wavelengths  that  can  be  Identified  by 
the  pattern  of  lines  of  lue  apectrum.  If  Uie  lines 
are  displaced  toward  the  violet  ent^  or  shorter 
wavelengths,  of  the  spectrum,  the  star  Is  ap- 
proachli^  the  Earth.  However,  If  the  cae 
displaced  toward  the  red  end,  or  longer  wave¬ 
lengths,  the  star  Is  receding  from  the  Earth. 
The  spectral  displacement  is  known  as  the  red 
line  hydrogen  shift.  Tlie  amount  of  displace¬ 
ment  is  proportional  to  the  speed  ol  approach  or 
recession  oi  the  star. 

There  is  some  Indirect  evidence  for  the  exis¬ 
tence  of  other  planetary  systems.  However, 
with  our  present  state  of  knowledge,  communi¬ 
cation  with  such  planetary  systems  Is  a  matter 
of  speculation  only. 

SOLAR  SYSTEM  /  1, 2, 4, 5  / 

The  Solar  System  consists  primarily  of  the 
Sun  and  the  nine  planete,  with  their  various 
moons.  The  nine  planets  move  around  the  Sun 
in  the  same  direction  in  slmUar  planes  (see 
Fly.  2  •)  ),  and  tn  nearly  circular  orbits. 

The  planets  and  the  Sun  account  for  most  of 
the  matter  in  the  Solar  System.  The  Sun  Itself 
has  a  diameter  ol  864  thousand  mUes  and  con¬ 
tains  more  than  99  pe.^ceat  of  all  matter  in  the 
Solar  System. 

_  The  four  inner  planets,  Mercury,  Venus, 
"  Eartii  ami  Mars,  arc  rclaiivcly  buiall,  detise 
bodies.  They  are  known  as  the  "teriestrlal" 
planets.  The  next  four  planets  In  dlsUi’.?"  fiv,.. 
'  the  Sun  are  Jupiter,  Saturn,  Uranus  and  Nep¬ 
tune.  They  a.e  known  as  Ute  major,  or  giant, 

,  planets.  AD  four_^cf  these  are  relatively  large 
bodies,  believed  to  be  composed  principally  of 
solid  ice  and  rock  cores.  Very  little  is  known 
.  .of  the  planet  Pluto,  which  is  farthest  from  the 
Sun.  Asides  the  Siui,  the  planets,  and  Uselr 
moons,  Uie  Solar  System  also  contalnc  aster- 
-Olds,  comets,  meteors  and  Interplan 9tary  dust. 

i 

Asteroids 

The  asteroids  are  a  group  of  oodles  or  plane¬ 
toids  that  orbit  between  Mars  and  Jupiter.  It  is 
'-estimated  that  there  are  hundreds  ol  thousands 
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Flfj.  2 - 1 ,  The  solar  ay3tetn./3/  (Fronj  Space 
lliiodt^-.'.  Asft^nauUcs  and  Its  Applications, 
courtesy  of  tiie  RAFlD  Corporation  ) 


of  these  asteroids.  They  are  believed  to  bo  evl- 
d  ’lice  of  a  p'aiiet  that  never  quite  coagulated  or 
one  tha*  diStntejfrated, 


comets  or  asteroid  coUlslons./S/  Meteors  and 
mlcrorneteors  range  in  size  from  20  microns  to 
a  lew  meters.  “ 

A  layer  ot  niicromoteorltes  efcteuda  from  tJie 
Sun  to  far  beyond  the  Earth’s  orbit,  and  Is  con¬ 
centrated  In  Uie  plane  of  the  Earth’s  orbiL  The 
par-tlclob  follow  a  path  that  spirals  in  toward 
the  Sun.  - 

Meteorites  generally  have  highly  elliptical 
orbits  around  u>e  Sun,  distributed  along  the  or¬ 
bits  of  the  comets.  A  typical  meteor  o.'bit  is 
shown  in  Fig.  2-2.  Estimates,  based  on  var  ious 
assumptions,  of  the  total  amount  ot  meteoric 
material  that  enters  the  Earth’s  atmosphere 
each  day  range  from  25  to  1  million  tuns.  Rus¬ 
sian  satellite  .  data  bidicate  an  estimate  of 
aoOjOOO  to  one  million  tons  per  day./7/  Meteor¬ 
ites  enter  the  Earth’s  atmoaphei  c  ut  estt-  tmely 
high  velocities,  ranging  from  8  miles  per  second 
to  50  miles  per  second,  with  their  average  speed 
being  30  miles  per  second.  Most  of  the  meteor- 
itlc  material  bums  up  when  It  enters  the  Earth’s 
atmos^ere,  causing  a  drifting  of  dust  particles 
to  the  Earth’s  surface.  Data  on  the  probability 
of  night  vehicles  encountering  meteors  and 
mlcrometeorltes  are  covered  In  Chapter  3. 


Temperature 


The  temperature  of  the  solar  corona  near  the 
Sun  Is  probably  about  1,800,000 F  (1,000,000  C); 
near  the  Moun  It  is  about  306,000  F  (220,000  C). 

/o  /  M  ^  **  ^  1m  «• 
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dependent  upon  the  Sun’s  radiation.  If  a  apace 
body  does  not  recel’^e  any  solar  i  acUatlon  or  any 
reflected  planet  radiation,  the  space  body’s  tem¬ 
perature  may  reach  absolute  zero.  For  ex¬ 
ample,  Mercury’s  dark  side  receives  no  solar 
illumination  and  Its  temperaturo  is  probably 
close  to  absolute  zero.  Figure  2-3  snows  the 
temperature  of  a  splmiing  sphere  as  a  function 
of  lie  distance  from  the  Sim.  The  sphere  re¬ 
ceives  heat  only  from  solar  radiation.  The 


Most  of  the  asteroids  observable  from  Earin 
nave  dimensions  of  only  several  mllea,  but  a  few 
jj  e  loo  i.iiles  in  ctiaincter.  The  largest  aster¬ 
oid,  Cerns,  is  nearly  miles  In  diameter. 

Some  of  ‘.’ic  smaller  asteroids  have  orbits  pass- 
ins  (juitL  close  to  Eartli. 

Cornels 

('oinets  are  loose) y  bound  collections  of  mat¬ 
ter  dial  iiv.i-cp  into  Uie  inner  regions  of  the  solar 
system  Iruni  outer  space.  Tliey  have  orbits  that 
vary  in  ccceiurifity  and  direction  around  the 
Sun.  On  eac  h  trip  around  the  Sun,  the  comei  is 
p.irtlally  distended  l)y  llglit  pressure  and  leaves 
a  "uake"  or  tail  of  small  solid  particles.  Comet 
lail.'i  tan  i)0  extremely  long,  at  times  even  ex- 
(  ‘.'cdiiu',  100  million  miles.  It  la  estimated  that 
tyi"i,  a)  (  oinct  nia.s.‘;cs,  including  the  tails,  have 
a  ii.i  .’.mHul"  of  lO’^  tons. 

Ml- 1 !  o I  Ill'S  atid  Microniftcorltes 

Mi  't  III  jtf's  and  niirrometC'orlles,  also  known 
.!>  I  ii-  I  |il,ii,et,at  y  dust,  are  Itellcved  to  be  the 
d-'uis  icsultinit  from  'lie  disliiUgraiion  of 


Fig.  2-2.  Meteor  orblt./6/ 
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I  itlo  of  tlic  spJicrc’s  ?.l)Sorptlvlty  of  solar  ra¬ 
il.  ;ii  ion  111  cjiiiHSlvity  of  Us  own  radlPtlon  isa/<. 
'!  Ik;  i  sUriiatod  average  teinperaluree  of  the 
|,!:incts  are  also  shown.  If  the  body  fs  near  one 
I'l  tJio  jihuielB,  account  must  bo  taitcn  of  the  re- 
lli  c  tcii  sola,  radiation  from  the  planet,  of  ra¬ 
dial 'on  friim  Uio  planet  Itself,  and  of  the  ellmi- 
n.itl"”’  o'  polar  radiation  if  (he  botfy  1*  in  the 

pl.inot’3  Si;*.1'jW./6,8/ 


I'.hII  iI inn 

itadi.’tlon  In  space  Includes  x-rays,  steady 
nil  ravlolct  and  solar  radiation  and  costnlc  rays. 
Kxploror  IGY  .sat  elillcs.  Explorer  IV  and  Sput¬ 
nik  HI  indicate  that  radiation  bitenslty  Increases 
liy  n  factor  of  several  thousand  between  180  and 
97,")  mile-  .do.-c  the  Earth,  reaching  as  much  as 
10  .-oti.t^ons  pet  iiour.  Tentative  data  from  the 
I’ioneerl  probe  Indicate  a  rapid  decay  of  radla- 
ti  '::  iiiten.sity  witii  Increa.sing  distance  beyond 
17,OOC  miles  from  Uie  Earth.  In  addition  to  Us 
•sicady  radiation,  the  Sun  delivers  additional 
sluirt  outtmrsts  of  solar  radiation  during  solar 
fl.arc.s.  During  Uiose  periods,  radiation  iec'Cls 
may  he  1000  times  greater  tl.an  normal. /6/ 


.'^UN 


With  Uie  exception  of  atomic  and  ihermo- 
nmjear  en.-rgy,  ilio  Sun  is  the  ultimate  source 
ol  .ul  us.iiilc  ..)!  iiiu  of  energy  on  the  surface  oi 
till;  Kurtli  iiT.d  etlier  planets  of  the  SolarSystem. 
More  titan  !'C  percent  of  Uic  Solar  System  mass 
iH  concent  rated  in  the  Sun.  Its  diameter  la 
iiGl.OOO  miles;  approximately  13  million  times 
laigcr  Lfiati  the  Earth.  The  Sun’s  density  aver- 
ni’.cs  one  I  ourtl.  that  of  the  Earth,  but  at  the  Surfs 
center  (lie  dcMistly  is  several  times  that  ol  the 
f:.a.-th./?,,n/ 


A  pressure  ol  a  billion  tons  per  square  inch 
and  a  temperature  of  about  3G0  mtUlon  F  (200 
III'] Hon  C)  proliably  exist  at  the  Sun’s  center, 
hi  Uiis  atniluc  furnace,  nuclei  collide  wltli  tre- 
:..e:idi)u.s  locitie.s,  and  enormous  energies  are 
reJi'ased.  This  enrrey  meR  to  the  Sun’s  s'urface, 
where  it  If  radiated  into  space. 


Some  uf  Uie  tuiown  physical  properties  of  uic 
Sun  arc  h.stcd  beljW’:/3,4/ 


Mean  diameter 
hi  is.s 

liei.sity  (relative  to  water) 
I'et  ioU  of  rotation  (average) 
Iiullmiiion  of  oq\iatortal  axis 


SR4,000  miles 
2.1  X  10*'^  tons 
1.4 

27  days 
7"  10’ 


Al 'iiosplK  i  o  and  Temperature 


I  ‘w  Sun's  suiface,  tiic  pliotospherc.  is  a  gas- 
i  i.'.ii  i  iivi  loiic  aWiut  2C0  miles  tfilck.  Its  density 
i  :  VI  I  y  li;x,  lii'i'ig  alioul  a  milliontli  the  density 
'  I  air  'in  IhtiLti.  'flio  p'c.ss'ire  in  tlie  photo- 
•,'i'  I.'  i;,  only  .iho'il  oiic-f  iflii  to  oiie-tenth  of  the 
I  i'll’:,  .'..a  li'vil  pressure.  Dotti  the  density 


Fig.  2-3.  Temperature  of  a  spinnlry  sphera 
as  function  of  Its  solar  distance  and  surface 
radlatloD  characteristics. /6/ 


and  pressure  decrease  with  distance  away  from 
the  Sun’s  surface.  The  average  temperature  of 
the  photosphere  is  very  high,  about  11,300  F 
(6300  C).  The  temporaturo  decreases  througli- 
out  the  photosphere  and  .*eaches  alow  of  2550  F 
(1400C)  at  Its  topmost  region.  This  is  the  cool¬ 
est  region  ol  the  Sun./2,4/ 

Outside  the  photosphere  la  anolher  layer 
-  called  the  chromosphere.  Tliia  la  Lite  region 
of  great  solar  storms  and  extreme  turbulenco. 
The  chromosphere  has  a  rarlfled  atmosphere 
extending  severnl  thousand  miles  above  tiie 
photosphere. 

Above  the  chromosphere  Is  a  very  faint  coro¬ 
na  region  extending  miUlans  of  miles  Into  space. 
The  temperatures  In  the  corona  are  unexpectedly 
high  and  are  believed  to  vary  from  500,000  to 
1,500.000  K  In  the  outermost  portion.  Figure 
2-4  snows  the  solar  hitonsity  distribution  Inside 
the  Earth’s  atmoBphere./2,3,4/ 


Solar  Radiation 

Energy  leaving  the  Sun  connlstK  of  cledro 
magnetic  radiation,  and  high  speed  protors  Rp.d 
other  particles.  'Hte  energy  output  of  light  and 
heat  Is  extremely  constant,  vatyUig  no  more 
than  about  0.5  percent  from  Its  average  value. 
The  output  intensity  of  ultraviolet  radiation, 
radio  waves  and  cliarged  particles,  however, 
varies  considerably  due  to  solar  Hares,  which 
appear  to  be  associated  with  sun  spot  activity. 
/2,4,/ 

The  solar  flares  discharge  Immense  energies 
In  a  few  minutes.  It  is  believed  that  this  re¬ 
lease  of  energy  is  dun  to  a  sudden  Instability  In 
the  Tun’s  cliromosp.'iere./2/ 


Magnetic  Field 

The  Sun’s  magretlc  field  is  only  pU|>.liily 
stronger  than  Uiat  of  the  EarUi,  except  durini: 
sunspot  activity,  at  whlcli  time  local  norlli  and 


\ 
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oolor  l.itansity,  r-<rcwcf*S  c 


002l _ - 1 - 1 - 1 - 1 - 1 - 

?00O  2400  2800  3200 

Wavelength,  A 

Fit;.  ?-A.  SoJar  Intensity  distribution  outalde 
I'artii’e  a,mo.-5phero./13/  (From  "The  Space 
Fnviroiim<.rt  --  A  PreliroUiary  Study,"  ap¬ 
pear  iiig  til  Electrical  Manufacturing. 
Ortoher  l'‘r<8,  courtesy  bfConover  M^t 
TechiKcai  Publications  Coip  ) 


jjouLli  ri'.afpictic  poles  In  UieBunepote  cause  mag¬ 
netic  iiionients  to  reach  values  10”  tlijies  those 
of  tiic  Earth.  At  such  times,  the  Sun’s  magnetic 
fit'lcl  rn;*y  ■  IGOOgauss aridwouldbe expected 
ti)  extend  well  beyond  Mercury  and  almost  to 
Venus.  However,  the  solar  coron^  whlch-ls  An 
excoller.t  eletlrle.-U  conductor,  nuUi.'lcs  the  suis- 
sjxit  De-Ids  in  outer  8pace./5,6,8/ 


E/illTIi 

The  Fa.-lh  is  the  tJilrd  planet  In  distance  from 
tlic  bun.  Ttie  avcrat;e  ('cnslty  of  the  Earlh  Is 
t.iKi-n  m  relation  to  tlie  average  weight  ol  an 
eij'ial  v'.jiurj'c  of  water;  tlie  density  ol  Its  crust 
v.irie.s  fium  2.C7  at  its  outer  surface  to  2.90  at 
its  lower  extent.  The  crust  *8  mmposed  ol  Ig- 
ii'o  i:-,  iiu-tanuirphic  and  sedimentary  rock,  with 
v.iryini;  rii.'icontinultles  down  to  Its  core,  which 
i;  (  onij'o.Hed  ol  liquid  nlekel-lron./9/ 

Tlio  topography  of  the  Earth  Is  unique  among 
Di'-  pi  nirl.s  due  to  ll.sva.st  oceans  and  widespread 
V(  i;<  t.u ion.  Mountains  rise  to  29,000  feet  and 
o(  I  ;ui  (li  (itlis  reaeli  35  OOO  feet.  Otlier  physical 
pt'ijiijj  iitb  ol  the  EarLo  arellstedbclow./l,4,10/ 

7920  miles 

7907  mllee 


Volume 

259.9x10^  cubic 
mlloG 

Mass 

6.586  X  10^1  tons 

Density  (mean,  relative 
to  water) 

Surface  gravity  (45  de¬ 
gree  latitude) 

5.5 

32.1724  fcet/sec^ 

Escape  velocity 

6,86  mUes/second 

Albedo  (fraction  ol  total 
reflected  sunlight) 

0.29 

Maximum  distance  from 
Sun  (July) 

94.6X Idles 

Minimum  distance  from 
Sun  (January) 

Ol.-l  X  10^  mUes 

Orbital  speed  (average 
tangental  velocity) 

]  8,51 7  mUea/ 
second 

Orbit  Eccentricity 
(departure  of  orbit 
from  the  circular: 
circle  eccentricity  °0) 

D.017 

Inclination  of  the  axis 
(mean) 

23*  17' 

The  Earth’s  atmoaphers,  temperature,  weather 
conditions  and  types  and  quantities  of  radiation 
are  described  below. 

Atmosphere 

The  Earth’s  atmosphere  can  bo  dtvldod  into 
four  zones!  the  troposphere,  stratosphere, 
mesosphere  and  thermosphere.  A  representa¬ 
tion  of  these  zones  is  given  in  Pig,  2-5.  The 


Pig.  2-5.  Almosphcrlc  zoneo./l  1/ 


I'lri.-ioi  ial  diainetcr 
I'"'  ir  (hr meter 


>  •  U'  is  (onfini;d  Ui  Uie  troposphere, 

uliiiii  is  i)h'  dooiain  of  hi(;h  winds  and  cirrus 
cJoirls,  Till.'  temperature  tlecrcascs  In  Uie  trop- 
osi'i'i  re  ns  a  funrlion  oi  aJtltude,  and  la  con- 
’jii'  red  corirt.uit  at  G.5C  per  kilometer. 

7'iie  3ir»t^c.^'’;T0  is  considered  ati  leothcr- 
p  ,,|  It  Is  thickest  ovei  tlic  poles  and 

tiiieeest,  or  may  even  lie  considered  absent, 
O’. ei  I'ne  cqu..!or.  Stratospheric  temperatares 
are  on  Die  order  of  arctic  winter  temperatures, 
lilt  i'lucr  regions  of  Uicfltratopphore  contain  the 
n.r.iiul  ’rinn:  jet  streams  and  are  lurbulent./ll/ 

'l  liL'  mesorphi're  contains  the  first  tenipera- 
tut.  iiia.\imu’.  oi  i71.3  K  at  n  helglit  of  30 
mil.  ';.  At  Die  top  of  oie  mcsospticre  is  the  at- 
tn  plicr  Ic  t'jm;icri'turc  minimum  of  205  K  . 
Till..'  niesosiiherc  also  contains  thcDlonlc  layer, 
wliidi  rcfluclB  very  low  frequency  radio  waves. 
T.hero  Is  considcrahle  turbuience  It.  Uie  meao- 
bphi-re,  and  it  is  also  Uie  region  where  most 
m.,.i.  oi  s  disappear. /1, 1 2/ 

The  Uierinospiicre  is  Die  domain  of  the  auro¬ 
rae  and  mai'.neUf:  alor.ms.  Ii  Is  also  a  region  of 
risiiii'.  ieniperalures  and  heavy  Ionic  densities, 
vhi'.h  exi.'it  in  various  layt.rs.  These  layers  arc 
known  collectively  as  Uie  Ionosphere.  The  Ionic 
layers  are  the  O,  »,  Kj  and  F2  layers.  Their 
iieiniiis  uii.i  encUuu  coneentracions  vary  with 
tin)''  of  Day,  M-anon  of  year  and  sunspot  cycle. 
I'lie  lowc.Ht  layct.  uic  D  layer,  la  found  at  a 
heii-iit  of  alrjiit  .lO  miles  durbig  the  day.  At 
nbilit  It  disapiicur.s  and  Uic  Ixjttoni  of  Uie  Iono¬ 
sphere  .''i.'n.s  to  about  70  mUc.s.  The  top  of  the 
lonr.  '.phero  is  nol  weii  defined  but  is  assumed  to 
be  :  t.  a  height  of  250  miles.  The  heavy  electron 
dcnsilicr. (!■  Ig, 2-0)  tauec  refraction  and  rcllec- 
tion  o(  radio  signals. 


Comp'.'SiDon 

The  ,/rinci|ia'  composition,  by  volume,  of  the 

drv  aUno.'iijher';  heliiw  50  tiDIcs  Is; 

nl'/ogeii  7b.08b% 

oxygen  20.049)^) 

ar[;on  0.93  % 

carbon  diordde  0,03  % 

T  he  remain  ing  eonsliluents  amount  to  less 
th:u.  U.UOt;  .  '1  he  vertical  distribution  of  Uic 

nii'j  •!  almo.'.phcric  constiluc nts  It,  sliown  In 
I  I.-.  2-e../4,Ii 


(),-  ■  " 


( ).• 

1 

iH  a  toriii  i  t  niulecular  oxygen. 

/'  ’1\ 

1 

'.y  input  to  O  .  can  c.nuse  the  for- 

1!  1 .1' 

'll  >1  C)  l. 

Iii  the  Lartii'H  high  atmoHphcrlc 

I  f.'l 

■  Is  produi.i.q  hy  Inleraction  of 

1  ll  • 

*■  ’mJ*  t  J  !■' 

lai'i'u  with  (.xyc.i  II.  The  amount 

<-f  > 

■  ‘i’<  )n  Uif 

iiliiKi.Mplicie  l-i  a  functlun  of  alll- 

I'i  '  ■ 

,  1 

.'ii.soa  uf  ycai  rji'l  Holar  activity. 

1  h' 

r*. 

c'liii  ciitratimi  c"  curs  at  a  t'clglit 

of  about  90,000  to  110,000  feet,  and  Is  alxiut 
eleven  parts  per  million  of  air./ll, 13,14, 35/ 

The  concentration  at  oison®  as  a  funcUon  of 
altitude  at  various  latitudes  ia  given  In  Fig.  2-7. 
Seasonal  variations  at  ITagst^,  Arizona  are 
shown  in  Fig.  2-8.  The  ozone  conccntratlam 
are  expressed  in  terms  of  "cm  O3  (STP)  per 
kilometer."  This  is  the  thickness  of  a  pure 
ozone  layer,  at  stantJard  temperature  and  pres¬ 
sure,  contained  in  a  vertical  column  of  air  one 
KUometer  in  holgt»t./4/ 

Table  2-i  shows  maximum  ozone  concentra¬ 
tion  as  a  fu.icllon  of  altitude.  As  shown,  Uio 
concentration  In  paits-por-mlUion  of  sir  le 
h»<{Ii  at  130,000  feet.  This  is  duo  to  Uic  changes 
In  U)C  density  of  air  that  occur  In  the  ozone 
region.  The  data  presented  Indicate  that  ozone 
should  be*  considcroa  as  an  environment  only 
between  30,000  aiid  150,000  Ieot./15/ 


A  dlff'^rence  In  elecUlr.al  potential  futlsts 
between  the  Earth  and  Uie  atmosphere,  llic 
difference  averages  about  120  volts  per  meter 
but  varies  with  location,  season,  hour  and 
weather  conditions.  In  good  wcaUior,  Uio  poten¬ 
tial  gradient  la  alx>ut  lOOtfi  120  volts  per  meter, 
whUc  during  thunderstorms  it  may  become 
10,000  volts  per  meter  or  even  hlgliot,/l0/ 

A  lightning  cllBfJiarge  can  occur  between  two 
charged  regions,  elUierwIUiln  a  Umndcrcloud  or 
between  a  cloud  and  Uie  gro’md.  The  frcquejicy 
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Fit;.  2-7.  Latitudinal  variation  of  ozone  ooncentratlon./4/ 


I  i;'..  S‘'  i,'.(irial  variation  of  ozono  con- 

ri  Ml  I  .it  10.1  at  Flai’.staff ,  Arl7,oiia./4/ 


Ilf  d  wltiiln  a <  loud  IB  four  tlmeii  (/.rcalcr 

ll.  .Ill  ill  ;,i  liari;(  .s  /( uin  i  Imid  to  f;>ou;iiU  However, 
1  I  l"i  I'  ;i  1  li'.litniMi'  di.‘.<  liarito  c.ui  take  platic,  Iho 
P  4'  nlial  pra'lieiit  tiiuBl  ext  eed  llie  ufiarkiriK 

II  M  iiially  (  OM.'ildiT'jd  to  t>c  at«»iit  1,000,000 
V 'it.,  pi  i  iiii  ti-i  a'  iKirriial  air  dcrifilty.  UiiUer 
VI  I  !■  I ' itii'il  jonn  Buch  un  lili'.ti  a.seetidlnK  air 

I  MI  I  I  Ml  ■,  V.I1I1I1  Ji.'ilort  tin:  clci  trlc  field,  ItiO 

■  I  .iM.iii:',  vahii'  iiuy  Ik;  lui  low  an  3000  volts  per 

III  I  I'  / .  -1 , 1 1/ 

111  1 1'  ;ir('  twi)  foiMiH  ol  U|;IiIii1i;k  striked  or 
‘liii  I.  1 1 1'l  ;i.  'Iluliriit  In  Ilie  Hti'(!i-wavc-l.''ml, 

lm. '.ii  i  I'M  I'lit,  i  liui  t -tliii'.;  foMii,  wlilt  li  prodiK ed 

I  'I'l  r  i"  tilii'in  I't.irtii.jL  ol  tlie  nuddfh  relea'JO 


Talde  2-1.  Maximum  Ozone  Concoiilratlun 


AltItudA 

(foot) 

Ozone 

concentration 

(nm/km) 

Ilolattvo 
dunalty 
of  air 

Ozone 
(fiHPte  p*-r 
million ) 

fi«a  level 

0.005 

J.OOO 

0.05 

30,000 

0.010 

0.376 

0.3 

60,000 

0.030 

0.153 

2.0 

7C  ,000 

0.040 

0,059 

7 

D0/)00 

0.024 

0.0.22 

n 

il0/)00 

0.000 

0.0084 

11 

3  SO  ,»»0C 

U  .t/V/fc 

A  r,  A  A  J 

W  .W  O'* 

(J 

150 /too 

o.oooo 

0.001.5 

4 

From  "The  Space  Environment  —  Al’riJlnilnary 
Study,"  ajipL'arlJiK  Iri  Electrical  Maiiufactui  liip, 
Oclolxir  1951),  courtony’oT  C^novor^ail  TeVdt- 
nlcal  Hubllcatluna  Corp. 


ul  Ii4;li  energy.  'Hio  uccond  form  lu  Uiu  ujiitln- 
uous,  low-current,  loriK-tlmo  type,  whlcli  re- 
leaaeB  larno  arnuuntd  of  lien*  during  a  Ioiik  per¬ 
iod  of  currwit  11<JW./14/  A  atudy  of  I4;litnlii(; 
BtrlkOB  hy  Mrl'.lnli  Euiopctui  Airways  (iliowcd  Oi') 
lollowliiK  (listrlLiutlon  of  alrlkOB  in  tliO  varlouii 
cloud  fuiiiiu; 

Cutiiuliia  20.5% 

Cutiiului)  and  curriulo-nlmlAio  13,5%. 

CutiiuJo-iilmlajo  10.(/% 
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T  ime  o?  (Jay 


I'it;.  (i-9.  l>;illy  viiiiatloii  uf  alnioBpficric 
P'lii.'iiiial  tiracliciit  lor  iocatlono  v/ltli  dU- 
Jan.iit  allitudfjd  £,(xjvc  wca  Icvel./IG/ 


C'uiiiulii<(  .-.ncl  Blralaa 


9.5% 

32.5% 


mass  of  Uio  satcUltos.  Althovi«h  Uiero  Is  Boimc 
ftprcad  of  the  computed  donoltlcB.  the  esllnialcd 
mean  values  of  densities  derived  from  uU  rocket 
and  aatelllto  daU  t'md  to  lie  on  a  emooUi  cui  vc. 
This  curve  is  ehown  In  Fig. 2-11. /It)/  If  condi¬ 
tions  appear  critical,  additlo.nal  Information  Is 
available  through  IGY  World  Data  Center  A, 
nockcLs  and  Satellites,  National  Academy  of 
Sciences,  IGY  Salulilte  Report  Series.  This  se¬ 
ries  can  be  obtained  from  the  following  source: 
Printing  and  Publishing  CXf  Ice.  National  Academy 
of  Sciences,  2)01  Constitution  Avenue,  NW., 
Washington  25,  D.C./6,19/ 

The  average  densities  In  slugs  per  cubic  foot 
at  various  altitudes  from  sea  level  to  130,000 
feet  are  given  In  O'ablcs  2-2  and  2-3.  The  den¬ 
sities  shown  In  the  tables  are  for  each  tat.  de¬ 
grees  of  latitude  over  North  America  for  the 
months  of  January  and  July,  respectively.  In¬ 
cluded  In  Tables  2-2  and  2-3  arc  the  standard 
ocvlatlon  from  the  average  densities  lor  the  al¬ 
titudes  shown. 

Cold,  hot,  polar  and  tropical  atniospheroo 
pmvlrio  useful  climatic  extremoa.  The  clima¬ 
tic  alrnosphores  for  denslty-helglit  data  In  tlie 
Northern  Hemisphere  are  shown  In  Table  2-4. 
As  shov/n  In  Tables  2-2,  2-3.  and  2-4,  an  In¬ 
crease  In  temperature  or  a  aecroasc  In  pres¬ 
sure  generally  results  In  a  decrease  in  density. 
Since  temperaturs  and  nreagure  vary  from  day 


’1  |]<j  daily  -'ulali'iii  of  atmospheric  potential 
(■ladieut  (.iiangcH  with  location  .and  altitude,  as 
(.h'  wn  ill  I'ii:.  2-0,  The  vortical  t>otentlal  grad¬ 
ient  111  Dll'  atiiic'ipiivrc  variofi  Uiro'Jgli  tlic  lower 
layer  III  Uic  tr.’.po.spliere.  AUivc  tiie  tropo- 
(•I'licr';,  the  dfiTca.'iO  Is  loss  rapid  and  gradually 
diiiiliil' lies  lo  a  rolatlvoly  small  value.  The 
p'lloiillaj  lull;,  once  bclv/oon  liio  atmosphere  and 
till'  I'.ai  tl/  Is  otiovyn  111  Fig.  2-10. 

1  .-:,islty 

iviiaiiy  olslriljution  alxivo  150  kilometers 
(O',  mil  O'.)  ;  ad  boon  t)a.';od.  until  rocoiitJ  y,  on  hi- 
Uiii  i  t  inoL' '1(1.',  of  coiniiutaUim.  Ideas  ooncem-, 
iiii;  b.gli  iiltltudi:  (Irnnity  had  boon  groally  In- 
fluiiKi  d  ny  ;i')  Inolatid  nioasurotnont  of  density 
ai  an  a  1 1,  i'll 'll,  of  'Jl'J  klluiii'ti'rs  (135  miles),  ob- 
i.iirod  iluMii);  Die  Viking  (ili'.lit  o(  August  1951 
ai  V'oiti  utd.s,  Nov.  Moxloo.  'I'lils  lllglit  gave  a 
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1(1  iii  '.hi  and  fruni  place  to  place,  density  will 
vary  ar( urdiivuly.  I'lieBC  variallcviB  ol  density 
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Dcnsily.  kg/m-* 

1  ii;.  t-1 1.  Ix/iKlty  a«  (unction  o( 
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are  not  certain;  but  Uiey  do  exist  ajiid  must  al¬ 
ways  be  takim  Into  account./20/ 

Pressure 

Atmospheric  pressure  can  be  defined  as  Uic 
force  per  unit  area  exerted  by  the  wclglil  of  the 
atmosphere.  Pressure  Is  usually  elven  In  mil¬ 
libars  (nobs),  Inches  of  mercury  (Ifp).  pouncl.i 
per  square  Inch  or  pounds  per  square  foot.  To 
conveil  millibars  into  pounds  per  square  foot, 
multiply  the  millibars  by  2.080,  and  conversely, 
to  convert  pounds  per  square  foot  Into  milli¬ 
bars,  multiply  the  pounds  per  square  foot  by 
0.47B8. 

The  standard  atmospheric  pressure  at  eca 
level  Is  1013.2  mbs.  The  extreraes  of  atmos¬ 
pheric  pressure  tliat  may  be  expo,  icu'-.ed  by 
equipment  during  ground  operations  are:  1062 
mbs  maximum  and  506  mbs  minimum.  These 
extremes  represent  altitudes  of  1300  feet  below 
sea  level  and  18,000  feet  above  sea  level,  re¬ 
spectively,  at  standard  condltlons./'21/ 

Atmospheric  pressure  has  Its  lowest  values 
at  the  highest  ^tltudcs,  and  It  is  Important  to 
know  the  variation  of  pressure  as  a  function  of 
altitude  from  a  geograirliical,  seasonal  and  cli¬ 
matic  standpoint.  Figure  2-12  g'vcs  th-  pres¬ 
sure  as  a  function  of  height  from  sea  level  to 
500  km.  Average  pressures,  an  well  as  the 
standard  deviation  of  pressure,  for  altitudes  be¬ 
tween  10,000  and  100,000  feet  for  various  latl 
ludcB  over  Norlhi  America  are  shown  In  Table 
2-5  for  the  month  of  January.  The  same  data 
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TciLili-  2-5.  .'.v'jriige  Preamire  at  Given  Altitudes  and  Standard  Dovlatluii 
for  Month  of  January  /4/ 
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The  Kuitli's  .tlbcdo  varies  with  angle  of  In- 
( ici'?ii(  e  of  Uiu  radiation,  Uie  type  of  surface  and 
Oifj  an;  iuri*  ol  tloudine.s.s.  It  is  usually  thought 
of  a-,  the  ratio  of  rcflcctcd-to-- Incoming  radia- 
tl  >n.  It:;  avera'  ' -iiue  i.s  about  29  pcrcent./22/ 
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by  the  prevailing  cloiicUneBS  and  surface  wind 
speed.  In  summer  monliis.  the  maximum  tem¬ 
perature  seldom  exceeds  32  F  (OC). 

In  tropical  regions,  the  dally  and  annual  tem¬ 
perature  Is  controlled  by  the  effects  of  air  mass 
changes,  wind  direction  shifts  and  frontal  pas¬ 
sages.  The  Intensity  of  these  woaUier  distur¬ 
bances  generally  decreases  towards  the  equator. 
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It  (.-ui  be  as.sumed  that,  In  tropical  reglonfl,  the 
cL'ily  variation  of  tempni attire  la  practically 
C')ntt:mt  from  Jay  to  day  and  seldom  exceeds 
43F(GC)./23/ 
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ye.iriv  records  from  six  climatological  stations 
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In  these  tv-o  tablco  arc  for  eacli  10  degrees  of 
latitude  over  Nurtli  America.  Standard  dcvla- 
tlcns  are  Included  to  provide  an  Indication  of 
the  maximum  and  minimum  seasonal  changes 
that  can  bo  expected.. 

Cold,  hot,  polar  and  troplod  atmoepheros 
provide  extreme  minimum  and  maximum  tem¬ 
perature-height  data  as  well  as  other  useful  crl- 
-terla.  These  citmatic  atmospheres  are  shown 
In  Table  2-10.  The  temperature-height  curves 
for  Table  2-10  are  presented  in  Fig.  2-14./2I/ 
Flmire2-15  gives  the  temperature  as  a  function 
of  height  from  sea  level  to  500  km.  Tempera¬ 
ture  data  up  to  about  150  km  are  fairly  certain. 
Above  150  km,  however,  the  Increase  of  tem¬ 
perature  with  height  may  be  much  more 
than  that  shown  in  Fig.  2-15./6/ 

It  sho'ild  be  noted  that  althoudi  temperature 
is  a  measure  of  the  average  trarislational  kinetic 
energy  of  the  particles  that  make  up  tlie  al- 
mosnhere.  It  has  different  consequences  at  hlgli 
altitudes  tlian  It  does  at  the  lower  levels  of  the 
atmosphere.  The  lower  atmosphere  consists  of 
molecules  and  may  be  considered  a  continuum. 
At  higher  altitudes,  the  mean  free  path  of  the 
molecules  increases  and  dissociation  lakes 
place.  And,  although  the  kinetic  energy  of  these 
particles  la  high,  an  object  placed  In  this  region 


Fig,  2-13.  Dally  climatic  extremes  of 
teuiperalure ,/ 4/ 


Tal)lo  2-8.  Avorago  Temporaturo  and  Standard  Deviation  for  Month  of  January  /4/ 
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2-9.  Average  TcmiK-'rr.ture  and  Standard  Deviation  for  Month  of  July  /4/ 


Average  Temperature  for  Month  of  July  (C) 


v-.vii.l  (')iiio  to  a  ratJifr  low  temperature  deter- 
ii.liii  t)  l:iri;('ly  hy  radiation,  since  tlic  air  la  80 
iljjij  Ui.it  (otidatliun  has  a  very  smaU  effect  on 
1  11-  lii  It  bid.uicc. 
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culation  comes  mooUy  irom  Die  Sun.  The  trop¬ 
ical  and  auhtroplcal  regions  of  the  Kartli  ab- 
sorh  tnoro  solar  radiation  Uian  Uiey  ro-radlale, 
whllo  Uio  poet  of  Uio  Eartli  radiates  more  than 
It  receives.  As  a  result,  Uie  air  warmed  In  tliu 
troplCH  niivcB  toward  Uio  poles.  This  fuudi- 
mental  movement  sols  up  a  (dobal  circulation 
syntem  that  is  largely  rooponsiblo  for  tlic  wcalli- 
er  eondltlone,  such  as  temporaturo,  humidity 
and  ratnfall,  of  Uio  entlro  Eartii. 
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r''l,  t’u!:ir  .md  Troplr.il  Atrarnphorco  /21/ 
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I  ii;.  ?-l  l.  1 '.niiioriiture  va  aJlllude  for  hot, 
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Wind 

Wind  direction  1b  usually  dependent  on  lati¬ 
tude,  season  and  altitude,  Iwt  local  coudttlonfi 
may  cause  extreme  variations.  Normally,  wind 
dJrecUon  shifts  with  height.  These  shifts  In  di  ¬ 
rection  arc  due  to  Earth  surface  effects  and 
changes  in  the  horizontal  pressure  cattems  of 
the  atmosphere;  cold  air  weakens  and  warm  air 
strengthens  the  wind  direction  shift.  In  the 
lower  3000  feet  of  the  atmosphere,  a  maximum 
vind  la  encountered  In  mldaftemoon,  and  a  mtn- 
hrnm  In  early  morning  hours.  The  average 
total  shiftlna  la  this  altitude  range  Is  20  to  40 
degreee./4/ 

Winds  above  30,000  feet  have  tho  greateet 
varlab*'  ■  *.  In  low  latitudes  and  in  Newfuonuland 
and  Greenland  maximum  variability  is  '".iro’ui- 
tered  in  the  summer  and  minimum  in  the  wlmor. 
In  middle  latitudes  (20  to  60  degrees)  the  wind 
direction  Is  most  variable  In  spring  and  least 
variable  In  autumn.  The  prevailing  wind  is 
westerly  )n  winter  at  all  ^tltudes,  becoming 
easterly  above  60,000  feet.  It  then  reinams 
easterly  up  to  between  300,000  and  400.000 
feet./25/ 

Tho  wind  speed  In  middle  latitudes  increases 
from  the  Earth’s  surface  Ui  tlie  tropopause, 
about  35,000  feet,  and  then  decreases  with  alti¬ 
tude  to  aibout  80,000  feet,  A  second  maximum  is 
reached  around  150,000  to  170,000  feet.  This 
pattern  cxlstc  In  both'  summer  and  wlnter./4,257 
Very  little  is  known  about  wind  In  the  polar 
zone,  from  60  to  00  degrees  latitude,  except 
that  It  1b  similar  to  that  of  the  middle  latitudes, 


Fig.  2-J5.  Temperature  as  function  of  helgiil 
from  sea  level  to  500  kin./C/ 
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ri(!-  2-16,  Wind  direction  as  function  of  altitude  during  v/lntor  and  8ummer,/25/ 
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1  ii;ur(.‘  7,-17.  Avcruirc  wind  ,spccd  v3  altitude 
(I'liiiu',  v'intei-  and  sununtr  In  middle 
la'  iIui1i.-;,./2j/ 
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U:i.  (ti'iii  ,i.s  a  f  inction  cl  altitude  during  winter 
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ini'l  .snnuiici  in  the  middle  latitudcD, /2ri,  26/ 
I  xlM  iiii-  il.ani’.i-  in  wliul  .speed  wltli  .altitude 
V  ill  i'i(u:  iii'i',!  frequently  in  wintertime.  It 
■  'i  il  1  1'  net'  fl  ihat  allhougli  extremely  strong 
.'.ill  I  I  MU  ,1'.  .il'.iliide.s  luidier  Uian  2'JU,Ot)u  leel, 


the  density  of  air  at  these  altitudes  creates 
little  force. 

Maximum  wind  speed  and  peak  shears  that 
will  be  exceeded  with  given  froquonclos  during 
the  wlntUesl  season  are  shown  In  Fig,  2-18, 
Figure  2- 18  Indlcatesthat  maximum  wind  speeds 
and  maximum  wind  shears  occur  between  30 
and  40  thousand  feet.  Thus,  a  flight  vehicle  re¬ 
quired  to  operate  within  this  altitude  range  must 
cope  with  winds  up  to  300  mph  and  a  shear  of 
45  fp3. 

Frecipiiation 

Since  V'orld  precipitation  data  arc  ucually 
limited  to  average  monthly,  seasonal  and  an¬ 
nual  totals,  surface  rates  of  precipitation  cannot 
usually  be  obtained  from  climatological  records. 
However,  clock-hourly  precipitation  datapresent 
total  precipitation  on  tlie  hour  every  hour  and 
are  readily  available  for  many  slalicns  in  V-o 
United  States  and  Europe.  Periods  of  short  and 
bitensc  precipitation,  called  Instantaneous  rates 
of  precipitation,  have  been  compulcd  for  only  a 
lew  stations. 

Table  2-11  tabulates  the  percentage  of  time 
during  an  avorajic  year  hi  which  clock-hour  and 
Imlanlaneous  rates  of  precipitation  equal  or  ex¬ 
ceed  0.08,  0.12  and  0.18  Incli  nor  hour  al  sclecti.d 
BtatluriB.  The  data  In  Tatile  2-11  corislderB 
precipitation  as  a  wliolc.  To  obtain  the  rates  of 
rainfall,  tne  rales  of  snowfall  equal  to  or  ox- 
ceuding  0.00,  0.12  and  0.10  inch  per  hour  mu.st  be 
subtracted,  ft  iias  been  determined  Uiat  05  to 


1 


1 .1 1  in>'-'  r'ni  of  all  pr''''ir'ita(tfin /ailing  at  rates 
•  iiiid  to  or  exceeding  0,12  itich  per  liour  will 
i.il)  in  the  lorin  ol  rain.  About  85  percent  of  the 
pic  I'lplt.ition  falling  at  rates  ecjualtoor  exceed- 
i:n:  O.OC  inch  per  hour  will  Iw  encountered  at 
abive  freezing  temperatures  and  will  be  In  the 
lorni  of  rain.  Vlie  remaining  15  percent  will  be 
■'■■iruuntercd  during  Pic  warmer  months  of  win¬ 
ter  ;uici  will  b-'  e;l'n,-r  rain  or  sncrw./4/ 

r rei  ipitation  extremes  around  tlie  world  are 
le.,u;d  b''h,w./24/ 

U.S.  greatest  average  annual  precipitation — 
151  inches,  Wynoochee,  Wash. 

U.S.  grea'est  single  season  snowfall  —  884 
in'''’ea  is06-1'j07,  Tamarack,  Calif. 

U.S.  greatest  24-hour  snowfall 76  Inches , 
14-15  A|iril  1921,  Silver  Lake,  Colo. 

World's  greatest  24-hcxir  rainfaLl--46  Inches, 
14-15  duly  19i1,  llagulo,  Luzon. 

World’s  p.rcatcst  average  annual  preclpila- 
talion -- 472  Inche.s,  Mt.  Walaleale,  Kauai, 
Hawaii. 

World's  lowest  average  annual  precipitation— 
0.02  inches,  Africa,  Chile. 

Wiirici's  greatest  rsinfaii  per  iiiuiiiii  --  3SG 
inches,  duly  IfiGl,  Cherrapunjl,  India. 

Lurope’s  gi  eatest  average  annual  precipita¬ 
tion  --  18.3  Inches,  Crkvlce,  Yugoslavia. 


Fig.  2-18.  Maximum  wind  speed  and  shears 
exceeded  1%,  20%  and  50%  of  the  tlme,/4/ 


7  able  2-11 .  I’ercenlngc  of  Tirric  liurlng  Average  Year  In  Which  Clock-hour  and  Inst^ntaneoun  Rates 
of  ’’rccipUalion  l,([ual  or  Uxcecd  O.OC,  0.12  and  0.18  In./br  at  Solertod  Statloiib  /4/ 
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III. Mil  lily  is  cxprc.HL.L'U  In  nuny  ways,  some  of 
thp  most  cominon  being;  absolute  humidity,  rel- - - 
alive  liiimldlly,  specific  humidity,  vapor  pres¬ 
sure  dew  point  and  mixing  ratio,  These  terms 
iisve’t';'.'  f'jUc'.iiing  nmanings: 

1.  Au&oli‘..n  humtduy  Is  the  mass  of  water 
vapor  per  unit  volunie  of  space.  It  Is  usu¬ 
ally  expressed  in  grams  pur  cubic  meter 
or  grams  per  cubic  foot. 

2.  Relative  humidity  Is  the  ratio  of  the 
amount  of  water  vapor  actually  present  In  — 
the  air  to  the  amount  required  to  saturate 
the  ->17  a'  fhat  temperature  and  pressure. 

3.  Specific  humidity  Is  the  weight  of  water  - 
vapor  per  unit  welfdit  of  moist  air.  It  is 
usually  expressed  In  grams  per  kilogram. 

4.  Vapor  pressure  la  the  partial  pressure  of 
the  water  vapor  In  the  atmosphere.  It  Is 
c.xprcsscd  In  Uie  same  units  as  atmos- 
pl'cric  pressure. 

5.  Dew  point  Is  Uie  temperature  at  which 
condensation  would  take  place  if  the  air 
w  ere  cooled  at  constant  pressure. 

G.  htlxin';  rritio  is  Uie  ratio  of  water  vapor 
to  dry  air.  It  Ts  usually  expressed  In 
grains  per  kilogram, 

Tlio  highest  possible  absolute  humidity  is 
directlv  dep''ndcnt  upon  temperature  and  It 
doulilcs  for  .t'.>ouI  each  10  C  of  temperature  In¬ 
crease.  The  world  extremes  of  absolute  humid¬ 
ity  occur  ill  tlic  coldest  polar  and  hottest  tropl- 
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Lclitude,  degrees 

Fig.  2-20.  Latitudinal  distribution  of 
relative  humidity, /27/ 


cal  air.  Variations  of  atmosplierlc  water  vapor 
content  closely  follow  the  varlatlona  ol  ^Oiuoera- 
ture.  Up  to  al»ut  140,000  feel,  absolute  humid¬ 
ity  decreases  with  altitude.  It  la  limited  by  tlie 
cooler  temperature^  which  cannot  support  large 
amounts  of  vapor.  For  the  very  warm  levels  of 
tlie  atmosohere,  at  altitudes  between  140,000 
and  200,060  feet  and  above  400,000  feet,  ilie 
pressure  is  too  low  to  permit  liquid  water. 

Figure  2-19  shows  the  latitudinal  and  sea¬ 
sonal  variations  of  specific  humidity.  Specific 
humidity  Is  greatest  over  the  equator  and  de¬ 
creases  toward  the  poles.  It  is  highest  In  the 
summer  and  lowest  in  the  winter,  and  follfiws  a 
dally  cycle  In  accordance  wiUi  temperature 
changes. 

The  geographical  distribution  of  relative 
humidity  (Fig.  2-20)  Is  different  Irom  that  of 
specific  humidity.  Relative  humidity  is  highest 
at  the  equator  and  decreases  toward  the  middle 
latitudes.  From  about  latitude  30’  towaixi  the 
poles  the  relative  humidity  increases  as  a  result 
of  decreasing  temperature,  Tlie  seasonal  dis¬ 
tribution  of  relative  humidity  varies  with  lati¬ 
tude.  From  about  30’  North  to  30’  South  tlie 
average  relative  humidity  Is  greater  In  summer 
than  in  winter,  while  at  higher  latitudes  the  re¬ 
verse  Is  true.  The  latter  situation  Is  caused  by 
the  low  winter  temperatures,  especially  those 
over  laiiil  litaSoes. 

Although  the  relative  humidity  In  the  jungle 
occasionally  drops  to  as  low  as  70  percait,  it 
frequently  averages  more  than  95  percent  for 
months  at  a  time.  At  the  dry  extreme,  relative 
humidity  rarely  falls  below  5  percent  for  longer 
tlian  four  hours,  even  In  the  hottest  deserts. 


Hal). 

Hall  is  formed  only  in  well  developed  thun¬ 
derstorms,  and  may  be  encountered  In,  under 
and  near  such  storms.  Hall  reaching  the  ground 
occurs  most  often  over  mld-latltudo  mountainous 
areas,  such  as  In  Colorado  and  Wyoming.  Season¬ 
ally,  hailstorms  are  most  numerous  in  summer, 
while  dlumally  tliey  occur  most  frequently  In  the 
hours  between  mid-afternoon  and  early  evening. 


.x- .“s.  .■V 
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I'  llic  prolial’iiily  of  Piirounloring  hall  la 
, '.11  iilcr.il'ly  IncroaH'-si  ^vl^cn  worst-location, 
l  i)  l-li!r,r  ;')iHlltionH  ;trc  assumcU. 

li.iil  may  be  rnrountcrcd  from  the  ground  up 
to  altitudes  about  50,000  feet.  However,  the 
proiial'ilit^'  of  encounter  iiicreaass  with,  altitude 
ii;  I  )  approximately  15,000  to  16,000  feet,  arid 
ijira  ria  ■■  ■'r.Bcs  r-MuJiy  at  higher  altitudes.  Al- 
t!iui:i;h  thunUer jtorm.s  are  generally  5  to  10 
null’s  in  Uiamelcr,  tlia  areas  Inwhlch  hall  is  en- 
coirntori'd  are  usually  1  to  3  miles  in  diameter. 

The  si^c  of  h.allstoncs  reaching  the  ground 
varies  considerably.  Frequenci"  distribution  by 
size  is  ditficult  to  establish  due  to  lack  of  data, 
l.'ie  largest  hailstone  on  leoord  in  Itie  United 
States  mea.  urao  5.4  inches  In  diameter  and 
ucipli&l  l.ii  pounds.  Tlie  most  common  size  In 
tiK'  United  States  is  alxjut  0.25  to  0.75  Inch  In 
diariieter./4,28,29,30/' 

.^and  and  Duet 

rari..’rJfF  -•-anre  u;  fire  from  0.1  to  50 

iC.-'Cd  ..a  z.drr.-f’ir,  ’f.m  m-z  azera^  size 
I-,.'.,;  s^rac*■lefe  between  0.5  and  1.5  microrts. 

'  ’  •‘•V'-’  !i  H..  fr.  uianv  nafuraJ  and 

"  .  '  i  .’"'■.i.-C' s,  !i'J>  I.  as  voli  anii  crupti-  uu, 
sail  sea  spray,  blowing  soil,  sand  storms,  plan' 
pullun  and  l.'?rterla,  smoke  and  ashes  of  forest 
fires,  and  co5ir>>'-  material.  Dust  Is  present  in 
desert  cliniitos  throufd^out  UiG  yc^r.  In  the 
(ropics  it  occurs  only  occasionally.  Fine  sand, 
■silt,  volcanic  ash  and  soft  rod:  form  dust  very 
quickly  al'er  a  rain.  Distribution  of  dust  aloft 
varies  wiili  season,  climatic  area  and  time  of 
■day. 

Sand  particles  range  in  size  from  about  50 
inic;-ons  upward,  wiUi  the  average  size  of  wlnd- 
lilown  sand  par'  cles  being  about  150  and  300 
micnms./Bjd’V  Sand  is  seldom  lifted  more 
tiian  five  feet  above  the  earth's  surface,  and  the 
tmia  of  tiie  movement  takes  place  a  few  Inches 
off  Itie  ground.  A  wind  velocity  of  about  11  mph 
is  nrccssar.  to  set  liic  grains  of  sand  In  motion. 
Wind-blov.n  vandand  sandstorms  are  most  fre- 
q'u'p.t in ck'sc.'i  regions,  which  have  high  daytime 
temperatures  and  low  night-time  temperatures, 
null  little  rainfall  or  moisture. /4, 14/ 


Magnetic  Field 

As  a  first  approximation,  tlie  Earth’s  mag¬ 
netic  field  resembleB  tlie  Held  of  a  slnglo,  largo 
magnetic  dipolo  situated  in  the  Earth’s  core,  but 
not  exactly  at  the  center.  The  field  is  strongest 
near  the  magnetic  poles,  and  decreases  tn 
strength  towards  the  tna^etlc  equab*'.  The 
south  magnetic  pole  Is  stronger  than  the  north 
one,  Indicating  that  the  eflectlve  center  of  tlie 
dipole  is  nearer  that  end  of  the  Earth.  The 
strength  of  tlie  field  at  the  south  magnetic  pole 
Is  sllgh’Jy  more  than  0.7  oersteds.  Above  the 
Earth’s  surface,  the  strength  of  the  geomagnetic 
fi&i.d  varies  approximately  as  the  cube  ol  Uie 
distance  to  the  center  of  Uio  Earth.  This  rela¬ 
tionship  holds  to  an  altitude  ol  about  300,000 
feet./ 13/ 

The  direction  of  the  Eartli’s  magneti:  I'eid  is 
expressed  In  terms  of  declination,  which  Is  the 
deflection  of  the  field  from  north-south,  and  dip, 
...which  is  the  deflection  of  theflcldfrom  the  hor¬ 
izontal.  The  Earth’s  field  Is  not  fixed,  but  grad¬ 
ually  changes  with  time.  In  the  United  States, 
-  the  Coast  juxi  Geodetic  Survey  and  the  Navy 
E>iSro?rapfticCCi«e  rajpoBsnti'efiw  sappfj- 
ig>-to-date  iafomatias  os  tte  geomagnetic 
iiehL/n/ 


Radiation 

Types  of  radlatton  are  clasniffpirl  according 
to  wav^ength.  "The  shortest  known  radiation 
type  is  cosmic  rays,  followed  by  gamma  rays, 
x-rays,  ultraviolet  rays,  visible  ll^t.  Infrared 
rays  and  radio,  or  Hertzian  rays.  Fl^re  2-21 
shows  the  radiation  spectrum  on  a  logarithmic 
scale.  Radiation  wavelengths  are  generally 
measured  in  terms  of: 

Angstom  units  (A)  --  equal  to  1  x  10“^° 
meter  or  1  x  10” '  millimeter. 

Millimicron  (mp)  —  equal  to  I  x  10'^  M 
or  10  A. 


Micron  (p)  —  eqfual  to  1  x  10*®  mlUIrneter 
or  10,000  A. 


raUiatlnti  comprises  Infrared  and  ul- 
'I  ivioli'i  r.idi.itinii,  as  well  as  visible  light. 
Solar  radiation  wavclonfdhs  are  between  1500 
aiiri  1,200,000  A  or  0.15  to  120  mlcrors.  Most 
of  tiH-  solar  radiation  energy  lies  between  the 
V  u  rloni;l)is  of  1500  and  40,000  A.  Half  Cif  this 
i  IS  in  the  visible  region  between  4000  and 

:ij:d  tJie  otlier  hall  lies  In  the  Invisible 
I'lti  avioitl  ca’d  Infrared  iaiige./14/  Figure  2-22 
ill  list  rni's  the  sr.lar  cpcctruin  from  about  0.2  to 
0  iiiierons,  or  2000  to  30,000  Angstrom  units. 

The  nio.st  impfjrlant  factors  determining  the 
aincunt  of  colar  encrg:>’  locrhed  by  any  portion 
vd  the  Kariti's  surface  are  the  lenf^  of  day  $md 
angle  ol  the  Sun’s  rays.  Discounting  the  effects 
of  variable  elements,  such  as  the  Earth's  at¬ 
mosphere  a:.’  cioud  cover,  all  places  on  a  given 
tmrailci  receive  the  same  amount  of  solar  en- 
I'l'gy.  However,  different  parallels  of  latitude 
receive  varying  amounts  of  energy.  The  amount 
of  .solar  energy  varies  from  almost  zero  at  the 
P'lb'.'i  lo  a.oproximately  900  gram  calories  per 
muure  ceniimeter  per  day  at  the  equator./l4/ 
.-.r.-ocr.:  -of  solar  raduition  absorbed  byave ■■ 
hr.  'o  will  also  he  determined  by  the  altitude  ot 
the  voliiclc.  Much  of  the  solar  radiation  enter¬ 
ing  Ine  atiiiospIi.:rc  Is  -absorbed,  scattered  and 
r 'lli'ctcd.  Tlicrefore,  more  radiation  will  reach 
a  vcliicle  at  the  higher  altitudes. 


Cosmic  radiatlou  ma.y  be  defined  as  radia¬ 
tion  will;  sullitieni  energy  to  penetrate  to  the 
l,.irtli'.s  Kiirlacv  tlirough  Uie  aimospiiere.  Cos¬ 
mic  ray  energy  levcLs  are  considered  constant 
v-iUi  tiinc  .and  have  no  pr  oferred  orientation. /33/ 
-S  •ML'  cosmic  r.'.yj  can  bo  Identified  as  coming 
diiccily  from  the  iuii  during  periods  of  violent 
1.1  r  activity.  The  rest  arrive  In  equal  bUni- 
In  n;  fiorii  ail  di'-ectlon3./34/  Nearly  Id*"  (a 
I'lliii'ii  ljlllloi',1  cosniic-ray  particles  enter  tlie 
I.aitii's  alinosiilicrc  every  .second.  Most  of  them 
ln/.s.scP<5  energy  of  a  few  blllio.'i  electron  volts. 
A  .‘■  iiiall  Irai  tmn,  however,  have  energies  great- 
'  Ttl.anlO''  ''Icxtr'jn  vull.s./34/  Primary  cos¬ 
mic  radiaiion  penet rates  Die  Earth’s  atmosphere 
t  1  all  altitude  .if  10  to  25  nille.s,  where  It  Inler- 
a-  i.'i  with  protoiiB  .’aid  neutrons  in  tlie  air  to  pro- 
u  .VC  nil  so... s.  The  mesons,  in  turn,  travel 
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Fig.  2-23.  Cosmic  rays  penetrating 
Earth’s  geomagnetic  ileld./6/ 


through  the  atmosphere  v/here  they  undergo  en¬ 
ergy  loss.  When  the  mesons  decay,  they  emit 
electrons  and  uncharged  particles,  "ihe  atmos¬ 
phere  thus  contains  a  mixture  of  primary  and 
secondary  radiations  In  proportions  dependent 
on  altltuda.  Many  of  the  secondary  cosmic  rays 
Interact  to  produce  further  secondary  rays, 
thus  producing  a  shower  elfect./4,14/ 


Before  cosmic  radiation  particles  reach  tiie 
Earth's  atmosphere,  they  have  been  di’awn  off 
their  original  course  by  the  Sun’s  and  Earth’s 
magnetic  fields.  The  Earth’s  iiagnetlc  field 

.»»  _  II  a  _ _ -  -.U  *1-  — 

axxuwc  uiuy  t,.*  jt  uii? 

surface  at  the  equator,  and  par'ilcles  of  low  en¬ 
ergy  can  enter  otdy  at  the  poles. /C/  The  gco- 
tcagnellc  field,  as  shown  In  Fig.  2-23,  d.ces  nul 
retard  cosmic  rays,  but  Induces  entry  of  the 
highest  flux  of  particles  at  the  poles. 


Cosmic  radiation  Increases  with  altitude 
from  sea  level  until  It  reaches  a  maTlmum  be¬ 
tween  55,000  and  60,000  feet.  Aiwve  Uils  alti¬ 
tude,  the  combined  primary  and  secondary  cos¬ 
mic  radiation  falls  off  rapidly  to  tlie  primary 
component. 

Van  Allen  Radiation  Bc-lt 

Insti-ujiiGnted  aatoUltes  and  lunar  piohnis 
Pioneer  I  and  Pioneer  in  have  sliown  tlie  exis¬ 
tence  of  a  r.adiatlon  belt  around  the  Earth, 
Juiuwn  as  tl'.c  Van  Allen  radiation  belt.  This 
belt  consists  of  charged  particles  trapped  in 
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I  ''  Iriiiii's  in.'\ai'‘tic  field.  Tlie  lower  edge  of 
(i  ■■  i)i  lt  i.s  nxini.itely  1000  miles  above  Uie 
r  ,  i;,  s  !,'.iri,]i  (:nnde.x'LuiKl.s  Into  Ibe  atmosphere 
I  ,1  d;.-o.uii  c  of  fiCv'cr:U  Earth  radii.  The  ra¬ 
th  is  iDD.st  jnipii.se  in  the  equatorial  plane, 
th  i.  reanlni;  in  e.xtent  and  intensity  polewaixls. 

A  comiKiratl vely  narrow  Inner  core  of  high 
,y  parta  le.s,  formed  from  cosmic  ray  par- 
ti(  It  p  with  ui.e-r''-?  of  up  to  several  hundred 
iiifv,  exis's  several  tliousaiid  ralleB  above  the 
Eariii'B  surface.  Surrounding  this  ''hard  belt" 
l.s  a  lialo  of  lower  energy  particles  that  covers 
a  mill  li  la  I'i’fr  area. 

iii'ensilies  of  5.1i  roentgen  per  hr  have  been 
reorded  by  tl’C  rioncer  I  probe  at  a  distance  of 
3.S  Earth  radii; 'iie  radiation  intensity  decreases 
to  It.s.s  th.an  U.f  :-oeiitgen  per  hr  at  a  distance  of 
9  Earth  radii. /35/ 


MOON 

The  Moon  is  about  240,000  miles  from  tlie 
Eartl\.  Tlie  most  prominent  feature  of  the 
Mo'^in  s  surface  is  the  dark  plains,  which  arc 
known  an  marcK.  These  plains  are  usually  cir- 
tuhrr  and  r.-uige  in  dlaiculer  fn)m  about  200 
miles  to  over  700  miles, 

^  liousandH  of  craters  cover  Uio  Moon’s  sur- 
face.  Clavius,  wbi-li  Is  the  largest  has  a  di- 
:.nieicr  of  over  IjO  miles  aitd  is  io,000  feet 
dei  p.  Mountain  rx^ges  on  tlie  M(X)n  are  stmliar 
to  tho.sc  on  Eartli,  ranging  in  size  from  5000 
feet  to  over  20,000  feet.  It  is  believed  that  the 
Moon's  sui  faec  is  covered  with  pulverized  rock 
and  dust;  however,  at  present,  no  definite  state¬ 
ment  can  l>c  made  aontit  ttic  mineral  composl- 
tiun  or  thickness  of  tliis  upper  layer.  Probably, 
it  IS  only  several  eentimeters  tlilck.  Due  to  the 
continuous  Lorn'enr  'ment  of  meteorE.  the  Moon’s 
•suiiaee  is  very  rougli.  Nothing  is  Known  about 
tlie  .small  details,  however,  since  tlie  smallest 
fnima  ions  ttiateanbe  dislingulslied  are  several 
iiur.dn  d  feet  in  diameter. 

.some  of  the  Mcxin’o  ptiysical  features  are 
listed  below:  /'■  10, 3f’/ 

l.e.iiiKtcr  2100  miles 

V'diiii.c  519.8  X  io"^  cubic  miles 

V  d'.iMie  (i  aim  to  E.irth)  0.'  ^ 

Mo  -s  810.1  X  10*"  tons 

M.e.s  (rat'o  tu  EarUi)  0.0123 

1) '  isiiy  208.73  pounds/ 

cubic  foot 

!'■  iBity  irati'i  to  EurtJi)  O.GOG 

1  '■  i;;!'  y  (I  ,i'.i  I  to  water)  3.33 

;■  o'.K  '■  i;tavitv  9.1470  feet/sec^ 


Surface  gravity  (ratio  to 
Earth) 

0.16 

Escape  velocity 

1.50  nr  Ilea/ 
second 

Albodo 

0.07 

Maximum  distance  from 
...Sun 

94,8  X  10®  miles 

Mean  distance  from  Son 

93.0  X  10®  miles 

Minimum  distance  from 
Sim 

01.2  X  10®  miles 

Maximum  distance  trom 
Earth 

252,948  mUea 

Mean  distance  from 

Earth 

238,840  milci 

Minimum  distance  from 
Earth 

221,593  mUcs 

Orbital  speed 

0,6  mile/second 

'-Orbit  eccentricity  ■" 
(eccentricity  of 
circle  =  0) 

0.055 

Orbit  Inclination 

5*  8' 

-  Inclination  of  axis  - 

6*3' 

Length  of  time  to  com¬ 
plete  one  revolution 
around  Eartii 

27.3217  EarUi 
days 

Leitgth  of  day 

27.3217  EarUi 
days 

Atmosphere 

The  moon  has  little  If  any  obsor/ablo  atmos¬ 
phere;  Its  density  being  approximately  10“^^ 
Earth  atmospheres  or  less,  which  Is  more  rarl- 
fted  than  the  Fj  region  of  the  Earth’s  almos- 
Dhere.  Arpnn  ih  thp  znost  p-rob9.bl5  H.tino5j.*heric 
constituent,  although  xenon,  krypton,  carlxjn 
dioxide,  sulfur  dioxide  and  water  vapor  may 
also  be  presemt. 

Metcorltci:,  cosmic  dust 

and  other  celestial 

particle?  bombard  the  Moon  at  vclocitlos  rang¬ 
ing  from  !,5  to  about  4.4  miles  per  second. 
Since  there  Is  very  little  atmosphere,  tlie  me- 
teorltlc  bodies  will  not  disintegrate,  and  even 
the  smallest  parllelco  v!U  reach  Uie  Idooim’ 
surface  lntact./37, 38,39/ 

Temperature 

Since  Uie  Moon  has  practically  no  atmosphere 
to  shield  Its  surface  and  minimize  radiation  of 
l’..B  heat,  the  dally  temperature  variation  Is  very 
largo.  At  noon  the  temperature  la  about  240  1' 
(115  C).  At  sunset  the  temperature  reaches 
.32  F  (0  C):  It  finally  reaches  a  low  of  approxi¬ 
mately  -243  F  (-153  C)  at  juldniglit,  ’llic  great 
temperature  ranges  are  partiyduutoUie  Moon’s 
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luw  jilhtxl')  value  of  0.07,  compared  wlUi  that,  of 
tlip  KartJi,  which  haa  an  albedo  Of  0.29.  Th« 
Moon  tlierefore  radiates  into  ppace  only  seven 
ji'Ti  '.-n!  of  the  solar  heat  received. /36, 37,36/ 

"a  ll:d[on 

Intense  ii^oU  ^.^a  ultraviolet  radiation  from 
Uie  Sun  hit  tJie  Moon’s  surface.  Due  to  Its  long 
ox(>oHurc  to  solar  radiation,  the  surface  of  Uie 
Moon  probably  has  a  simple  molecular  atruc- 
turo. 


MKUCUIIY 

Mercury.  -dSt  ul.Tiost  perfect  sphere.  Is  the 
InncrinoHi  planet  !:i  our  Solar  System,  and  the 
sin.-Ulest  of  the  prlncip.al  planets.  Due  to  Us 
sni.ail  fd/o  and  unfavorable  conditions  for  ob¬ 
servation,  It  is  difficult  to  obGcnrc  distinct 
surface  nrjarkir.^s.  However,  dark  patches, 
similar  to  tlie  Moon’s  plains,  can  bo  seen  tele¬ 
scopic, dly.  Mercury’s  sur.acc  probably  con- 
u'uts  of  jnounUbious  iuid  rocky  terrain./!, 10, 36/ 

Mercury  rotates  on  Its  .axis  only  once  in  each 
trij)  around  Uie  Sun,  thu.'i  always  keeping  the 
same  side  exposed  to  suiillght.  The  sunlit  side 
Is  Uiereforc  exlrcniely  hot,  and  the  dark  side 
e.xtremely  cold.  A  day  and  a  year  are  equal  on 
Mercu.-y.  Ijedii;  'Jsc  equivalent  of  B8  Eart.h  days. 
Some  of  Mercury's  physical  features  are  listed 
licdow,/l, 3,1  0,30/ 


iJiiinictcr 

3107  miles 

Volume 

105.9  X  10^  cubic 
miles 

Volume  (ratio  to  Eartli) 

O.OOC 

Ma.ss 

"26.345  X  lo’® 
tons 

Ma.u.u  (ratio  lo  Eai  th) 

~0.04 

I  .1 w 

-231,66  pounds/ 

I 

cubic  fool 

Deieaty  (ratio  lo  Eailli) 

•0.C9 

(rallo  to  water) 

3.8 

■Vur c.r.'ivi’y 

8.6860  fcct/scc^ 

I'liifai  (;  I'.ravily  (lalto 

I  -  Eai  lh 

-0.27 

I  si  ape  veloeity 

2.237  miles/ 
second 

Alhe-J.) 

0.07 

Ma'.liiiuiii  dl' taiice  Irotii 
!-uii 

43.4  X  10®  niUes 

M '  .111  <1 1'.l  aiii  e  1 1  om  fain 

30.0  X  10®  miles 

Miuiiii'ini  dislaui  e  Irum 

lit 

20.0  X  JO®  ndles 

Maximum  distance  from 
Eatili 

136.0  X  10®  raUes 

Minimum  distance  from 
Earth 

50.0  X  10®  miles 

Orbital  speed  (average) 

29,76  miles/ 
second 

Orbit  eccentricity 

0.206 

Orbit  tnclinatlon 

7"  O' 

Inclination  of  axis 

Unknown 

LengU)  of  time  to  com¬ 
plete  one  rev'olutlon 
around  Bun 

87.9  EarUi  -iivs 

Length  of  day 

68  EarUi  days 

Number  of  moons 

0 

Atmosphere 

Because  of  Mertniry’s  small  mass,  high  tem  ¬ 
peratures  and  small  escape  velocity,  it  is  almost 
cert;Jn  Uiat  it  possesses  only  an  Inntgnlflcani 
atmosphere.  None  of  the  lifter  atrrjospherlc 
constituents,  such  an  nitrogen,  oxygon  or  water 
vapor,  coJld  be  hold  lor  long.  However, 
Mercury  may  contain  a  sllglil  atmosphere  oi 
thinned  out  heavy  gases,  such  as  carton  dioxide. 
Recent  observations  indicate  that  Mercury’s  at¬ 
mosphere  may  have  a  Uilcknoss  about  0,0003 
tiiat  of  the  Earth,  and  exert  a  pressure  of  one 
millibar  per  square  centimeter,  compared  to 
tlic  Eartlt’s  sea  level  prensure  (k  1013.2  mUll- 
barB./3,10,36/ 

•  -  Temperature 

Because  of  Us  relative  nearness  to  the  Bun, 
Mercury  recolvoB  on  the  average  about  seven 
times  as  much  heat  per  unit  area  ns  the  Eartli. 
However,  Uie  amount  of  heat  received  varies 
COfliJldBrsbly  du9  t.O  tl*©  nf  itw  nr- 

bit.  Also,  since  Mercury  has  haraly  any  at¬ 
mosphere,  Uie  temperature  difici  cnee  between 
-  ilic  dark  and  suiJlt  sides  Is  very  laivo.  Oii  tiiu 
dark  side,  the  temperature  la  near  absolute 
zero,  and  on  Uie  sunlit  side,  Uio  temperature  Is 
atout  7b4  F  (412  C).  Only  twlUglit  areas  may 
have  nxxlorato  temperatures. /lO, 30/ 


'  Of  all  Uie  planets  In  cur  solar  system,  Venus 
Monl  closely  resembles  Uie  EarUi  In  mass,  size 
and  density.  As  a  result,  Venus  is  often  re- 
--  lerred  to  as  Earth's  sister  planet.  Surroundbig 
Venus  Is  a  dense  cloud  or  '  azo  layer  Uiat  pre¬ 
vents  observation  of  Uie  surface.  An  a  rctiull, 
-  very l.lltle  iB  known  about  Venus’ surface.  From 
all  avaUablo  Information,  It  Is  licUevto  Umt  Ihe 
surface  of  Venus  Is  probaWy  hot,  dry  and  windy, 

—  The  albedo  of  Voniis  is  very  high,  0,60,  which 
moans  Uiat  60  nrecont  of  tlic  sunllglit  Is  r«i- 

—  Ilected  back  Into  space.  The  major  physical 


VENUS 


( II  i;  ;i<  tiMsUi  fl  of  Venus  are^  listed  below. 
/:(,HJ, 30,40,41/ 


j  nauii'l  er 
v..|  uniij 

V'liunie  (ratio  to  EartH) 

Mil  OH 

M  :iH8  (ratio  to  EarUi) 
J^enrity 

IJenoity  (ratio  to  Kartli) 

IteuHlly  (ratio  txj  water' 

Suifute  gravity 

Muriare  gravity  (ratio 
t-j  Eartli) 

EHuai'u  vcJ'X'lty 
AlliC'do 

Maxlimim  distance  from 
.Sun 

Mean  rlintance  from  Siin 

Minimum  dlHl.ancc  from 
Sun 

Maximum  .*  from 

I'.arUi 

Min-'nuni  cllHtatice  from 
l.iir'S 

Oi  bit  fei  cut  rltily 

tbl/il  intliMution 

liH  t  inati'.in  of  axis 
(.inpr'ixjni.ite) 

L'  iir.ili  of  time  to  coin- 
[i!(  ic  nil'-  r  (uolutlon 
ai  Mii'l  Sun 

I  ■  Mi'.lli  of  d.iy 

t  'Uiil'iT  (1  MUUII'I 


77Q5  miles 

539.1  X  10^  cubic 
miles 

0.92 

5.3G472  X  10*^ 
tons 

0.32 

300.34  pounds/ 
cubic  foot 

0.89 

S.66 

27.0083  fcct/acc^ 
0.80 

6.3.18  miles/ 
second 

0.59 

67. 8  X  10®  miles 

67.3  X  10®  miles 

66.8  X  10®  mllcB 

ICO  X  10®  miles 
26  r.  10®  miles 


OI  7^; 

second 


0.007 
3”  24' 

0" 

229  Eurtli  days 

8 1(>  40  I.ai'Ui  (lays 
None 


Atj"'  ■.(ili<T_e 

I  U'  atiiii.'.|iiiei '•  rjf  Vruiu.'i  In  ai  l(;aHt  20  rnllf  B 
llni  n,  anil  d'  trii  t  llniii  lliat  of  llie  liartli.  Under- 
ly  :  V'  irin’  nl  nionplioi  e  are  tllln  rOusl  or  water 
v.i|  ■!  .  1  Ill'll..  1  he  prr;..';ui  e  near  U’C  cloud 


top  Ilea  between  1/6  and  4  Earth  atmospheres. 
Alxrvc  the  cloud  top,  the  pressure  decreases  by 
a  factor  of  about  2  ever v  3  mllcB./40/  At  higher 
altitudes,  approximately  65  miles  above  the 
cloud  layer,  a  region  similar  to  the  Earth’s 
Ionosphere  and  exosphere  may  exist.  Tlie  tem¬ 
perature  In  this  r^on  may  bo  more  than 
1500K./.18/ 

The  only  atmospheric  gas  that  has  been  posi¬ 
tively  Identified  Is  carbon  dioxide.  Other  gases, 
such  an  oxygen  and  nitrogen  oxide,  may  also  be 
present,  but  only  In  very  minute  quantities.  In 
-Venus’  upper  atmosphere,  ioni.xed  atoms  and 
molecules,  as  well  as  free  electrons,  probably 
exist  due  to  absorption  of  short  wavclen^h  so'  er 
radiatiun./36,40/ 

Jemporatute 

-Venus  receives  about  twice  as  much  heat 
from  the  Sun  as  does  the  Eartli.  But,  since 
Venus  Is  covered  with  a  derLse  atmosphere-,  and 
according  to  Us  allicdo  reflects  about  Iwlcc  as 
much  Buidighl  as  docs  the  Earth,  the  tempera¬ 
ture  on  Venus  is  uncertain;  however,  It  Is  un¬ 
doubtedly  higher  than  on  Eai^i.  The  carbon  di¬ 
oxide  found  In  Venus’  atmosphere  Is  very  trans¬ 
parent  to  visible  light  and  lutravlolet  radiation. 
It  Is  also  an  excellent  abtxirber  of  the  heat  ra¬ 
diated  from  tliB  planet’s  surface,  As  a  result, 
if  carbon  dioxide  Is  as  abundant  In  Uig  atmos¬ 
phere  as  spectroBCcmlc  tnvcBtigations  Indicate, 
U»e  temperature  on  Venus’  surface  may  bo  very 
high,  'rhe  temperatures  derived  from  various 
obeervatlons  of  Venus  fall  within  the  following 
ranges :/36/ 


Top  of  atmoophoro 
Middle  of  atmosphero 
Surface  of  Venus 


122  F  (50  C) 

54  F  (12  C)  to 
117  F(47  C) 

405  F  (207  C)  t 
603  F  (317  C) 


io 


As  wiui  j:.arui,  oauy  ana  seasonal  lompora- 
ture  variations  occur  over  Uie  surface  of  Venue, 
and  Uio  temperature  range  at  the  top  of  its  at- 
tnoaphero  is  very  low. 

Had latlon  and  Magnetic  Fields 

Tliere  In  evidence  that  Venua  possesaes  a 
magnetic  field  slmUar  to  tliut  of  the  Earth.  The 
field  around  Venus,  hor  tvor.  Is  about  five  tlm»'o 
Blrongor  Uian  that  Bur.-ounblng  tlie  £arth,/36/ 

The  Intensity  of  solar  radiation  Just  outside 
the  Venuu  almoBi>liero  le  approximately  1.9 
times  tiio  intensity  uutslcm  the  Eartli's  atmoo- 
pbero,  or  3.6  cal  per  cra^  por  mlii.  It  Is  also 
bellcvoJ  that  Uio  oxlstcnco  of  a  radUHon  belt, 
such  as  Uio  Van  Allen  radiation  belt  surrounding 
Uio  Earth,  may  exist  on  other  planets  wlUi  iiiug- 
iiellc  fields.  .Since  Venus  aliHorbo  aliout  twice 
as  niudi  radiation  as  Uio  Earth,  Uio  radiation 
tiell  around  Vciuo  may  be  more  Intense  Uian 
Uial  surrounding  Uio  EarUi./40/ 
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Mui'c  (oini)lete  Information  is  available  con- 
cernlni:  Mars  ttian  anyotlier  plane''.,  with  the  ex¬ 
ception  of  Uio  Kartli.  However,  details  as  to  the 
t  Mirfaco  corvlltlons  on  Mars  stUl  are  un¬ 
certain.  Mars'  Hurfare  Is  very  flat,  with  no 
•iiHi'pi  {  h:!.n(;c.s  In  elevation  and  no  prominent 
monntaino.  aren-s,  covering  more  than 

lialf  t/e-  .'iorface,  are  believed  to  be  dust-coverod 
desert  arca.s.  Tii  the  bright  areas,  dark,  narrow 
streaks,  lenown  au  canai.s,  have  been  observed. 
Tlie  dark  areas  show  seasonal  changes  and  may 
be  areas  of  vcgcUfion.  The  white  polar  caps 
tire  believed  to  be  caused  by  a  thin  deposit  of  Ice 
crystals.  The  "climate"  on  Mars  Is  similar  to 
that  ol  a  hV[Kjtliotlcal  desert  on  Earth  about  11 
miles  lilt,..  Vvjn.d.S  range  to  20  inph  and  dust 
storm.s  are  fairly  frequent. /1, 36, 42/  The  major 
piiy.slctd  eharaclerlfilics  of  tlie  planet  Mars  arc 
listed  below./!, ’'■',36, 42/ 


Diameter  (avcr.'qje) 

4215  miles 

VoluiTic 

389.85  X  10® 
caiblc  miles 

Volume  (ratio  to  FarUi) 

0.15 

Mri.ss; 

72.44864  x  lO^^ 
tons 

M.ib.s  (rallj  to  Eartli) 

0,11 

DeiisUy 

241.1  pounds/ 
cubic  foot 

Dciiiilly  (ratio  to  Eartli) 

0.70 

Density  (relative  to 
water) 

4.0 

Surface  gravity 

11,9  fecl/soc^ 

Surface  g.ravlty  (ratio 
to  Karlti) 

0,37 

Eacap  ■  velfjcl'y 

3.107  miles/ 
dC'COiKi 

Albeoo 

0.15 

Maxiiimt.i  dlslaiice  Irom 

fSUIl 

154.9  X  10®  niiles 

Meati  distance  from  Sun 

141.7  X  10®  miles 

Mliilinurti  dlstanre  from 
.Sun 

128.5  X  10®  miles 

M.L’ciniuin  Ui.stance  from 
D.u  til 

230,0  X  10®  mUes 

Miniiiiuiii  dl.staiice  from 
Karlli 

31.0  X  10®  mUos 

Ol  liil.il  .spci  d 

14.975  miles/ 
second 

(Ji  lilt  e.  ccnti  Icily 

0.093 

_  'I  'J 


Length  of  tinoe  to  com¬ 
plete  on®  rov’olulion 
around  Sun 


25' 12' 

687  Earth  days 


Lcngtlt  of  day 
Number  of  Moons 


Atmosphere 


1.026  Earth  days 
2 


Mars’  atmosphere  has  been  studied  for  many 
years:  yet  much  of  the  InforinatiuM  gathered  Is 
speculative.  The  only  gas  Identified  In  tiie  Mar¬ 
tian  atmosphere  Is  carbon  dioxide,  which,  al¬ 
though  only  one  percent  by  volume  la  the  total 
atmosphere,  la  several  tlirics  more  alnmiiaiit  per 
square  centimeter  than  In  the  Earth  *-  atuios- 
pher'.'.  The  bulk  of  Ote  Martian  atmosphere  con¬ 
sists  ol  nonabsorbing  gases,  such  as  nitiogen, 
95%  by  volume,  argon,  and  only  a  trace  of  oxy- 
gen./3,10,42,4i/ 


Mars’  atmosphere  has  a  variety  of  cloud 
types.  "Yellow  clouds"  persist  for  weeks  over 
largo  areas  of  the  planet,  and  are  believed  to  bo 
dust  clouds.  Water  vapor  or  mist  clouds  occur 
in  the  polar  regions.  All  the  clouds  are  below 
20  miles.  The  Martian  atmosphere  is  much 
thinner  than  that  of  tlie  Earth.  'The  surface 
pressure  ranges  from  50  to  100  mlUibars,  and 
tho  pressure"  gradient  up  to  25  miles  Is 'only 
slightly  less  than  the  Earth’s.  Above  25  mU.es, 
tl>e  pressure  decreases  very  slowly.  The  Mar¬ 
tian  atmosphere  probably  extends  considerably 
farther  Into  space  tlian  does  the  Barth'B./36,42, 
43/ 

The  weather  In  the  lower  regions  of  the  Mar¬ 
tian  atmosphere  Is  similar  to  that  on  Earth, 
However,  the  lack  of  appreciable  amounts  of 
water  vapor  causes  a  more  uniform  and  simpler 
weather  than  exists  on  Earth,  Tho  atmospheric 
temperature  decreases  with  height  at  an  average 
rate  of  less  than  3.7  K  per  3200  feet,  up  to  an 
altitude  of  approximately  16  miles.  Above  16 
thfi  variatiop  of  tpm^yrHtur0  ^ith 
Is  much  nm^er.  Between  16  mllea  and '65 
mUes,  the  temperature  is  probably  180  K  ±  50  K. 
/ 36, 42, 4  3/ 


Temperature 


Tho  dally,  seasonal  and  geographic  tempera¬ 
ture  variations  on  Mara  are  not  completely 
known;  however,  they  are  currently  being  Invr:;- 
llgated.  The  following  temperature  Information 
Is  thcrofore  subject  to  change. 


The  average  temperature  on  the  surface  of 
Mars  la  about  -30C  {-22  F).  The  dally  varia¬ 
tion  of  temperature  near  tlie  equator  Is  approxi  ¬ 
mately  30  C  (86  F)  at  noon  to  -60  (-76  F)  or 
-80  C  (-I’"  F)  at  night.  In  the  polar  region,  tlic 
average  temperature  Is  -70  C  (-94  F).  'Tlic 
large  variations  of  temperature  occur  because 
of  iJie  relatively  ttiLn  atmosphere  and  tlie  absence 
of  any  largo  amount  of  water  vapor./l,3,30,43/ 
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’]  he  aver;n;c  solar  radiation  incident  on  Mars 
Is  apiiroximately  one-lialf  the  amount  received 
by  the  Kartli,  or  about  0.87  gram-cal  per  cm^ 
per  mm.  Duo  to  t)ie  eccentricity  of  Mars'  orbit 
i.y,  c-vXT,  '>'■«  value  may  vary  by  as  much  as  20 
piTcont  during  Li:..'  Martian  year.  Mars’  albedo 
1-.  ajiiirox.inatoly  0.15,  which  indicates  that  the 
Martian  atmonpliere  and  surface  absorb  a  large 
fraction  of  Uie  solar  radiation. /42/ 


JUl’fTER,  SATURN,  URANUS,  NEPTUNE 
AND  PLUTO 

The  four  major  planets,  Jupiter,  Saturn, 
Uranus  and  Neptune  have  many  characteristics 
in  common.  Tliey  arc  massive  bodies  of  low 
diiisity  and  large  diameter.  Because  of  their 
Ji.w  densities,  they  are  believed  to  possess 
ri:  oaljle  solid  cores  surrounded  by  a  thick  shell 
of  ice.  The  only  gases  m  tlielr  atmospheres  are 
amn  onia  and  moUiane.  Other  gases  may  be 
present,  but  because  of  tl-.o  low  temperatures  on 
tiieso  planets  tlic  gases  .•>re  probably  In  the  llq- 
'j;;l  or  possibly  .solid  stale. /1, 3, 10, 3C/ 

juji 

.Jupiter,  the  largest  planet,  has  twelve  moons. 
Jupiter  spins  so  f-'st  on  its  axis  that  It  is  flat¬ 
tened  out  at  its  poles,  Tiie  major  pliyslcal  char- 
ai  teristics  of  Jupiter  are  listed  below. /2, 3, 10, 
30/ 


'  Maximum  distance  from 
Earth 

600  r.  10®  miles 

Minimum  distance  from 
Eai^ 

367  X  10®  mUes 

Orbital  speed 

8.45  mUes/ 
second 

Orbit  eccentricity 

0.048 

Orbit  Inclination 

I'le* 

Inclination  of  axis 

3“7’ 

Length  of  time  to  com¬ 
plete  one  revolution 
around  Sun 

11.86  Earth  yen'"' 

Length  of  day 

9  hours  55  min¬ 
utes 

Number  of  moons 

12 

Saturn 

Saturn  Is  circled  by  three  rings  which  con¬ 
sist  of  mtUlonR  of  small  satellites.  In  addition 
Saturn  has  nine  moons.  Titari,  the  largest  ^ 
brightest  of  the  moons,  Is  considerably  larger 
than  our  own  Moon,  and  is  the  only  satellite  In 
the  solar  system  known  to  have  an  atmosphere. 
/3/  The  major  physical  cliaracterlsllcs  of  the 
planet  Saturn  are  listed  below, /1, 10, 3 6/ 


U  > 


Diamolcr  (mean) 

86,840  mUes 

Vulunie 

342.55  X  10^2 
cubic  miles 

Vulumo  (ratio  to  Earth) 

1318 

20.1  X  lo25  tons 

M.iH9  (ralio  to  P’arUi) 

318.3 

Dun;,  ity 

82.66  pounds/ 
cubic  foot 

LU  naily  (r^fio  to  Eartli) 

0.24 

li'  iislty  (rulaUve  to  water) 

1.34 

f'jrfice  gravity 

84.93  feel/Bec2 

;  urf.K  e  gravity  (ralio  tu 

1  11  ih) 

2.04 

I..' (  apu  ■.  '•bicily 

37.28  miles/ 
Second 

A  i  i  H  ■  i'> 

0.44 

1  Yi nium  (li.itani  e  iruin 

,  UK 

507.1  X  10®  miles 

r ;  'KK  d:.'  ' t  t'Kii  bu'i 

483.9  X  10®  miles 

’  1  ir:i'iri'n  dii-tani  i’  fruin 
.'■■111 

460.7  X  lO*"’  miles 

Diameter  (mean) 

71,520  miles 

Volume 

211.20  X  10^2 

cubic  miles 

Volume  (ratio  to  Earth) 

736 

Mass 

6.28  X  1023  tons 

Mass  (ratio  to  Earth) 

05.3 

Density 

44.76  pounds/ 
cubic  foot 

Density  (ratio  to  Earth) 

0.13 

Density  (relative  to 
water) 

0,715 

.Surface  gravity  - 

37.64  foet/sec2 

Surface  gravity  (ratio 
to  EarUi) 

1.17 

Escape  velocity 

22.37  mUes/ 
second 

Albedo  _ 

0.42 

Maximum  distance 
from  Sun 

930,8  X  10®  miles 

Mean  distance  from  Suri 

887.1  X  10®  miles 

2-23 
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Miiiimuni  distance  Irom 
•Sun 

837.4  X  108  mUes 

Maximum  distance  from 
Earlli 

1025  X  10®  miles 

Minimum  distance  from 
Karlli 

745  X  10®  miles 

Orbital  Si  ccd 

5.965  miles/ 
second 

Orbit  eccentricity  ~ 

0.056 

Orbit  inclination  _ 

2'’29' 

Inf  lination  of  axis 

26“45' 

Len<:tli  j!  lime  to  com¬ 
plete  one  revolution 
around  Sun 

29.46  Earth  years 

Length  of  day 

10  hours,  38  min¬ 
utes 

Number  of  moons 

9 

Uranus 

Uranus  has  five  satellites  and  an  atmosphere 
conipobud  almost  entirely  of  methan^wlth  only 
a  trace  el  ammonia  jjas  present.  The  major 
physical  ch  vacteristiea  of  Uranus  are  listed 
bcIow./l,3,in,36/ 


Diameter  iaverago) 

31,690  miles 

Volume 

226.34  x  10^1 
cubic  i.iUes 

Volume  (ratio  to  Earth) 

64 

Mass 

96.87  X  10^1  tons 

Mass  (ratio  to  Earlli; 

14,7 

DenBity 

79.22  pounds/ 
cubic  foot 

I  en.sl.j  f ratio  to  Earth) 

0.23 

Density  Relative  to  water) 

0.92 

Surface  gravity 

29.6  ft/sec^ 

Surfaci  gr.avlty  (ratio 
to  Fartti, 

0.92 

! '.sc  ape  vclc  city 

13.05  mlles/sec 

Ail  It'd  0 

0.45 

Maximum  di.stance  from 
Sill 

1868,7  X  10®  mlloE 

Mean  dict.ance  from  Sun 

1784.8x10®  miles 

Miniinuin  distaim-  from 
.'■'■111 

1700.9  X  10®  mUes 

.  ♦ 


Maximum  distance  from 
Earth 

1950  X  10®  miles 

Minimum  distance  from 
Erj^ 

1615  X  10®  mUes 

Orbital  speed 

4.225  niUes/ 
second 

Orbit  eccentricity 

0.047 

Orbit  Inclination 

0'’4e' 

Inclination  of  axis 

98" 

Length  of  lime  to  com¬ 
plete  one  revolution 
around  Sun 

84.02  Earth  years 

Length  of  day 

10  houre,  42  min¬ 
utes 

Number  of  moons 

5 

Neptune 

Neptune  is  invisible  to  the  naked  eye  and  has 
two  Imown  satellites.  Its  atmosphere  extends  to 
perhaps  2000  miles,  and  the  planet  c^erlences 
external  cold  and  only  partial  light.  Other  ma¬ 
jor  physical  characteristics  of  the  planet  Nep¬ 
tune  are  listed  belowyi,10,36/ 

Dltuneter  (average) 

31,070  miles 

Volume 

101.36  X  10“ 
cubic  miles 

Volume  (ratio  to  Earth) 

30 

Mans 

11.4  X  13^2  tons 

Mass  (ratio  to  Earth) 

17.3 

Density 

99.89  pounds/ 
cubic  loot 

Density  (ratio  io  Earui) 

et  rtr\ 

Density  (relative  to 
water) 

2.22 

Surface  gravity 

46.33  feot/scc^ 

Surface  gravity  (ratio 
to  Earth) 

1.44 

escape  velocity 

14.20  milea/ 
second 

Albedo 

0.52 

Maximum  distance  from 
Sun 

2820.75  X  10® 
miles 

Mean  distance  from  Sun 

2796,7x10®  miles 

Minimum  distance  from 

Sun 

2772.65  X  10® 
miles 

M.iNiinuiii  ill.itjinco  from 
.'  .;;  '.h. 

Muiimiini  distance  from 
Kartli 


2900  X  JO®  mUea 

2700  X  10®  mllee 

3.355  milea/ 
necond 

0.00 1)0 

1°47' 

29” 

164,6  Earth  years 


Kji  bital  spoc-d 

Orijit  eccciilrlclty 

Orbit  Inclination 

In;  lination  of  axis 

Length  of  time  *o  corn- 

lilftc  one  r:'."nution 

around  Sun 

Le'iijili  of  day 

Numtier  of  .Tioons  2 

PjjJtO 

Very  little  Is  knc’-  n  aiout  Pluto.  Its  mass  la 
believed  to  be  a!>jut  one-teniJi  of  the  Earth’s 
mars,  ard  Uio  eccentricity  of  its  orbit  Is  the 
greatest  of  .all  the  principal  planets  In  our  solar 
■system.  The  hnof.n  physical  characteristics  ol 
1‘lulo  are  listed  below. /3, 10/ 


15  hours,  48  min¬ 
utes 


Di.tiiicter  (average; 

3000  mUes  (?) 

Volume 

24.43  X  10®  cubic 
miles 

V'llumc  (ratio  to  E:uUi) 

0.094  (?) 

Mass 

Unkriawn 

Maos  (ratio  to  Kartb) 

Unknown 

D'Oisuy 

Unknown 

liLiiylty  (ratio  to  Eartli) 

Unknown 

Di  nsity  (.'cl.it. ve  to  water) 

Unluiown 

fiui  (ace  gravity 

Uiikiiown 

.‘■a.'^i'ai  r  gravity  (ratio 

1'.  La. -Ill ; 

Unknown 

iix  ape  vcloi  My 

Unknown 

AIMivlo 

0.04 

M  ixiiiiMiii  (.list.tiR  a  Iroiii 
Sell 

4590.45  X  10® 
miles 

f ' ■  ,in  li i  '1  .III'  c  f  I  oi.i  Suii 

3C75.3  X  10®  mil  OP 

M;iiUii'jiii  Ji:  lam  e  from 

.‘■■•ri 

2700.15  X  10® 
miles 

T-1  yi  iii'i.'ii  iJiMaiict'  Ironi 

1  o’.li 

4050  X  10®  miles 

Minimum  distance  from 
Earth 

Orbital  speed 

Orbit  eccentricity 

Orbit  Inclination 

Inclination  of  stxls 

Length  of  time  to  com¬ 
plete  one  revolution 
around  Sun 

Length  of  day 

Number  of  moons 


2700  X  10®  miles 

2.08  mtles/sec 

0.249 

17"19' 

Unknerwa 
247.7  years 

Unknown 

0 


SUMMARY  OF  PLANET  DATA 

A  complete  summary  of  all  of  the  planets’ 
UiiuttCteiTstlcB  L",  gtvan  In  Table  12. 


NATURAL  AND  INDUCED  ENVIRONMENTS 

In  addition  to  the  natural  environments  pre¬ 
viously  discussed,  all  flight  vehicles  arc  sub¬ 
jected  to  Induced  environments  during  opera¬ 
tion.  Some  of  these  Induced  envlronmoats,  sucli 
as  acceleration  and  vibration,  are  brought  atiout 
strictly  by  the  operation  of  trie  system;  otliors, 
such  as  aerodynamic  heating,  are  caused  by 
Interaction  of  the  system  with  Its  natural  en¬ 
vironment.  In  contrast  to  all  the  natural  envi¬ 
ronments,  Induced  environments  do  not  exist 
without  the  system. 

Some  environments,  such  as  tempuraturo, 
can  be  both  natural  and  Induced.  Their  cffocls, 
however,  are  the  same  rogardloes  ol  how  tliey 
are  produced.  The  reason  for  separating  on- 
vlronments  Into  the  broad  categories  of  natural 

J#.  Ji  ..I  4.U«^ 

astNA  tu  UlAk  tv  UIV  VII  V  A  t  tililAtVll  ^ 

tal  analysis  (Chapter  4}  during  equipment  de¬ 
sign. 

Although  tlie  various  environments  are  gen¬ 
erally  thought  of  indlvlduallv,  a  fllghl  vciiiclo 
nevei  encounters  them  singly,  Iwt  In  combina¬ 
tions,  The  peaks,  or  extremes,  of  tlie  cnvlron- 
ments  may  bo  encountered  Individually,  but 
nevertheless  other,  lets  severe  environments 
are  present  at  Uie  same  time  'ukI  must  bo  con¬ 
sidered.  In  acldltlun,  during  .cs  mission  a  ve¬ 
hicle  will  encounter^  a  continuous  gamut  of 
changing  environments,  each  of  which  may  bo 
affected  by  tliat  which  preceded  it.  The  many 
combinations  and  sequences  ol  envlionmonts 
that  are  possible  include  both  tlio  nafural  and 
induced  types.  Thus,  adequate  Information  on 
boUi  natural  and  Induced  ciiviroiirnunts  Is  man¬ 
datory  If  a  vehicle  is  to  be  designed  efficiently 
and  economically  for  rellalile  operation.  The 
natural  envlronmen*a  have  Ijoon  covered  In  pre¬ 
vious  portions  of  tills  chapter.  The  iialucou  en¬ 
vironments  are  discussed  In  Chapter  3. 
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I  Ik  type  and  severity  o(  induced  envlron- 
rncnl  t  ciii  rnintort^  by  cpnventkfnal  aircraft  de-, 
P'  nil  priinnrllyon  the  kind  <jt  alrera/t  and  on  Its 
sp«.‘M, .  The  acceleration  at  takeotf  of  propeUer- 
d riven  at^  turbo-prop  aircraft  la  generally 
pre.iler  than  that  of  pure  jets.  Once  In  the  air, 
hoNtn^r,  most  jet  aircraft  experience  greater 
accelerations  than  do  the  propeller-driven  ox_ 
tuii.  prop  types.  Tn  addition,  aircraft  that  use 
some’  means  of  roclf»i  assisted  takeoff,  plus, 
Uiose  that  emplov  aerodynamic  bralUng,  exper¬ 
ience  large  accelerations. 

The  induced  vibration  caused  by  the  engine 
l8  also  different  for  various  aircraft.  In  piston- 
enpino  aircraft,  the  vertical  up-and-down  mcXlon 
of  U)i)  pinions  sots  up  low -frea'JCncy  vibrations 
th"t  ?  rw  more  severe  during  landing  than  during 
flight.  In  contrast,  the  turbines  of  jet  aircraft 
cause  hlgti-frcqucncy  vibrations  that  are  most 
sevei  e  during  flight, 

Aer  •'dynamic  heating  of  an  aircraft  surface, 
alUioiigh  always  present  to  some  degree  during 
fllghi  l.ecomes  a  consideration  only  under  cer¬ 
tain  'onditlons  of  speed  and  altitude.  Flight  In 
the  lower,  denser  layers  of  the  atmosphere,  and 
at  hi  :h  speeds  is  especially  conducive  to  aero¬ 
dynamic  iieatlng.  This,  howtyver.  Is  vastly  dif¬ 
ferent  than  the  reentry  environment  of  balltsttc 
mlssilofl,  .ateUites  and  similar  vehicles. 


Sune  'Bonic  and  Hypersonic  Ramjet  and  Rocket- 
''5 

In  general,  the  natural  environments  en- 
coun  er<sl  by  supersonic  and  hypersonic  ramjet 
and  rocket-powered  vehicles  are  the  same  as 
IhfitiK  previously  discussed  for  conventional  alr- 
ne  of  lliCHC  environments,  however, 
such  as  low  atmospheric  pressure  and  density, 
are  nore  severe  lor  ramjet  and  rocket -powered 
velii  ;lcs  because  of  their  greater  altitude  range. 

The  Induced  environments  and  flight,  paths  of 
hyper.ioaic  ramjet  and  rockei-prjwereu  airernft 
lire  :i  .’•ely  relate*!  to  those  of  the  super-aero- 
dyruimlc  rocket  glider.  They  are  discussed 
joinWy  1,1  Uic  following  paragraphs. 


rtnei;*,!  -  Vowenxl  Super  -  Aeitklynamlc  Glide 

VfhK'I^i  "  - — - 

Ih  ckct -powered  super-aero<lynarrdc  glide  ve- 
hi(l,’.<i  line  the  rentrilugal  force  created  by 
near  orlilt  1  speeds  and  a  ml/ilmum  of  aerody¬ 
namic  htl  Id  provide  an  eqiulihrlum  flight  path 
wliuc  (in  umnavU^atlni;  Uie  Karlh  In  an  approxl- 
inat;:  great  cirt:l«!.  During  Uio  IxxvBt  phase,  a 
liiii  -  v<-iiic,j.e  will  experience  a  severe  nolue  en- 
vl ri  iiment.  The  principal  noise  source  during 
this  phase  is  tlie  rocket  engin.-, which  generates 
a  p(  wer  level  at  the  exiiaurit  of  nearly  200  db  at 
Ihe  low  ranges  of  Uie  frequency  band.  As  the 
veil  ( Ic  rises,  the  sound  pressure  level  may 


drop  to  about  150  db  at  thl^^^pca 
the  booster  or  at  the  vehicla'^j^  ']^^ 

Vibrations  during  boost *'  ' 
range  from  20  to  4000  cp4^*'‘’^’i’ro^l 
than  15  g*s.  During  the  BUBig  Bet  tip 'a fli 

4Ksh  lalLkMk— a  !i  4  '111  ._-|TTlV 


of  the  boost  phase,  vlbratlo^d  'djjsslpaiTon  fate^oj 
less  than  2.5  g-s,  and  of 

about  e.5  g-s  likely. 

accelerations  from  the  IhiTyv^  it  the'teinoeM- 
rockot  engine  are  expactepQp- 
9  g's.  During  boost  or  separ 
order  of  50  to  200  g’s  fc  ' 
mlUieeconds  are  probable. 
tures  due  to  aerodynamic  h  l  ^, 
to  700  F  (260  to  370  C)./44^ hiX* 


IcK  waVe, 


UJ  p  B  1C  '  ^  ^  ,  X  ,  - . 

are  probable. 

■erodynamlc  h  i 

to  370  C)./44  WM 


The  Buper-aerodynamlc  K 
which  glide  vehicles  opera”  “  if* 
from  the  aerodynamic  rog  j  v-hiVip  m 
density  rather  than  flight 
tlcal  purposes.  In  the  aerclvfc 
air  la  dense  enough  to  be  > 
uum.  However,  at  the  hlg^ialuXuiv^^^ 

^Hde  a as 

**'^r*'  vehicles,  previously 

ceases  to  act  as  c.  contlnuuLvdal  srohlemh'nsBol 

high  altitudes  a^c  500,  4'*' atmJsIphdi'd  lire 
layer  cannot  be  formed  alpKic  lev  r  fci  M,  f  > 
operates  at  this  height  Its  V. ’  ~ -  '.Lt  ( 

determined  essentially  by  ui'*'  ch  j  ,»;'n  e  u;i 
irradiation.  This  results 

between  the  skin  temperai'  '  '■  i  f'"'  -  '*  '  ’  •' 

side  of  the  vehicle  and  on  t  x.'tttai,.  .v.,,  W: ;  ■  ' 

l.'i  V  ‘  'l  <  u, .  -i  H 1  S'  \4  i'  e "?« fi-r 
The  thin  atmosphere  ati*^'  ''  "  ■  y  •  '  ir.ii 

has  the  efioct  of  converting  ' 
of  Individual  molecules, 
plnge  on  the  skin  of  the 
’’sputtering"  phenomenon 
ting  and  erosion  of  the  aur  ipltation  data  present 

hour  every  hour  and 
During  flight,  hypersonmaeiv  wdtlDiisuiA’ym 

super-aerodynamic  ychlcUpeflodif  of  and 

the  physical  dimensions  aijKi^SftliiiteflSBauHWiW^  i 
which  depend  upon  the  blifidOtSbuiiedilir^'feiHy  i' ^ 
airfoil  leading  edgoB.  Deni .'pihrS -'Vi  vor.'.ici!'.''!:; 
he  shock  wave,  and  In  bs  ’  '  ''  •  '  ’  [ 

cure  and  dynamic  vlscoBlt;  ' 

higher  than  In  front.  >  .iie.rcentag.«  of. time 

(VhU'h  clock  -liour  and 

An  Induced  envlronmenf/P*^‘^^f'^” 
affect  both  the  glide  vehlcl 
zero  gravity.  This  condlt|i„  considers 

vehicle’s  orbital  phase.  cates  o. 

brief  periods  during  certa 

6  *  Inch  per  hour  mu.it  be 

The  trajectory  of  a 
shown  in  Fig.  2-25,  togetll 

natural  environments  exlL  l.'  - l  i  .ioiiMidei  s,  ■ 

hide’s  altitude  range,  Ir 
the  atmosphere  the  natur 
countered  by  a  glide  vehllJS, 
those  lor  other  rrmnned 
discussed.  .The  onvlronm|jA4CT;iV*lV 
elated  with  reentry  of  a 
tienser  portions  oi  uie  £a  ' 

<  overed  in  a4ater  paragra 


Pressure 


Fig.  2-25.  Some  f' 


MISSILES 

Missiles  may  be  divided  Into  Uie  following 
categories; 

1.  PUoUess  conventional  aircraft. 

2.  Pilotlesc  hlgb-supersonlc  and  hypersonic 
ranijci  jOid  glide  missllea. 

3.  Ballistic  missiles. 

Of  tJie  three,  only  ballistic  missiles  will  be 
covered,  since  the  mSsslor.  profiles  and  accoin- 
par<ying  environment]  of  the  other  two  are  simi¬ 
lar  fo  manned  aircraft. 

For  long  range  ballistic  missiles,  the  flight 
path  ronfilfilfi  of  Uiree  sections;  (1)  powered 
ascent  patl {9.)  elliptic  trajectory,  and  (3)  re¬ 
entry  path.  Tlic  ypos  and  extremes  of  environ¬ 
ments  cncounterijd  in  each  of  these  sections  va¬ 
ries.  However,  a  common  feature  of.  all  the  en-  _ 
vironinents  encountered  Is  tlie  extreme  rapidity 
with  which  Uiey  change,  due  to  the  high  veloci¬ 
ties  attained.  Generally,  tlie  overall  flight  time 
ol  a  IxiLUstic  missile  is  less  tlian  an  hour,  even 
for  ranges  as  lar^e  as  half  circumference  _ 
of  Ihc  EarUi. 

rowercci  tVse  ent  Path 

Ti  e  pow  ered  patJi  of  a  baJlistlc  missile  con¬ 
sists  of  a  brief  period  of  inlense  acceleration 
during  v.hi'.li  the  rnitisHe  gains  tlie  momentum 
iifces.sai  y  to  carry  it  along  its  trajectory.  This  _ 
P'jition  of  Uie  fliftht  patii  begins  with  engine  ig- 
niti  iii  at  launching  and  ends  at  the  departure 
point,  v.hit  !i  i'j  the  point  at  wliich  Uie  rocket  en- 
pines  ctiloff  :md  Uic  missile  enters  the  ballistic 
ti.dc’ctory  towards  its  destination.  For  long- 
laiig.  i,.is  JcH,  Uic  departure  jxiint  lies  at  an 
alMiude  soniu’.vlicre  between  400,000 and 700,000 

1  {‘f'l. 

Al'iiig  iljc  lower  portion  of  its  powered  ascent 
palli,  a  b.diisiic  missile  may  encounter  any  of 
U,o  iiafur,'d  (;nvironmcnts  prevlciusly  discussed, 
bo  ne  o;  natural  ci.vironir.entB  present  along  — 
I.'  e  ui'ocr  ivji'tion  of  the  powered  ascent  path  are 
f.'  r.wi  in  ;■  ii;.  ?-2G.  _ 

Some  inciuced  envlnmmcnts  experienced  by  a 
niisMli'  iix  Pulf;:  acceleration,  shock,  vibration 
and  .lerodyrnimic  heatuif;.  The  acceleration  is 
c.  pci  ially  .severe,  since  it  is  important  to  pro- 
pi  1  ti  e  iiiissile  Uirough  Uie  dense,  lower  layers 
t:u.'  atino.sphere  as  quick.y  as  practicable  In 
(H  t'.er  to  Keep  graviialloiiaHosBcs  to  a  rainlmum. 

F'li;  t|c  Ttajcclory 

T.'u-  fli,;!;t  patti  of  a  b;illlstlc  missile  follow¬ 
ing  tlie  powered  ascent  Is  a  section  ol  an  ellip- 
tir  orlht  whose  track  lies  partly  lielow  the  eur- 
1  H  e  of  ih('  liarth.  Por  Uie  purjKjse  of  tills  dis- 
f  I'.sioig  tlie  elliptic  trajectory  can  lie  defined  as  . 
that  pari  of  the ilight paUi  between  the  departure 
1  lint  and  the  start  ol  reentry. 


While  traveling  in  Its  elliptic  trajectory  a 
missile  may  bo  disturbed  by  atmospheric  effects 
or  gravitational  anomalies.  However,  for  mis¬ 
siles  with  a  range  greater  than  about  2U0  nauti¬ 
cal  miles  these  disturbances  are  small.  Other 
natural  environments  that  exist  along  the  ellip¬ 
tic  trajectory  are  shown  In  Fig.  2-2G.  Long- 
range  ballistic  mlseiles  with  lofty  trajectories 
may  also  encounter  tho  Van  Allen  radiation 
belt. 

An  important  Induced  environment  encoun¬ 
tered  by  a  ballistic  missile  along  its  elliptic 
trajectory  is  zero  gravity.  For  a  missile  ol  Uie 
Jupiter  range  (IRBM),  this  can  last  for  as  Ivnig 
as  11  minutes;  for  an  ICBM  it  Is  even  longer. 

Reentry  Path 

The  reentry  path  of  a  ballistic  missile  starts 
where  the  missile  enters  the  aerodynamlcally 
relevant  atmosphere.  The  most  severe  natural 
environment  encountered  Is  the  abrup*  Increase 
in  atmospheric  density,  which  in  turn  Induces 
dcciileration  and  aero^iamic  beating  of  the 
minsUe.  As  the  temperature  rises  r.ipidlyh  an 
ion  sheath  Is  formed  aiound  the  vehicle.  Tills 
sheaU)  Is  bounded  by  the  shockwave  and  the  ve¬ 
hicle  and  causes  communications  interference 

A  J  M  M  H  I..  .,..1 
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/44A  The  eevorlty  of  the  bwluced  environments 
experienced  during  reentry  depends  on  many 
factors:  the  height  of  the  missile  trajectory  and 
hence  the  reentry  velocity;  the  a^e  of  rswiitry; 
and  tlie  shape  of  the  missile.  These  are  dis¬ 
cussed  In  a  latter  paragraph. 


EARTH  SATELUTES 

Depending  upon  tlie  altitude  at  which  they 
operate.  Earth  eateliites  may  be  divided  Into 
twO  CB-t6K0rx6S»  DtttoIlOidSf  tru6  5at0iJlit65« 
The  sateUold  orbits  at  comparatively  low  alti¬ 
tudes,  and,  because  of  the  existing  aerodynamic 
drag,  requires  thrust  power  to  overcome  the 
drag  and  keep  the  velocity  constant.  Without 
this  thrust  power,  tlto  sateUold  would  bo  unable 
to  complete  even  one  revolution.  The  true  sa- 
teUite,  on  Uie  other  hand,  orbits  at higli  altitudes 
where  the  atmosphere  is  extremely  Uiln,  and 
thus  requires  no  sustaining  thrust  power. 

SatcUolds 

The  sateUold  represents  a  transition  from  lia 
aerodynamic  vetildie  to  a  true  space  velilcie.  It 
operates  within  an  altitude  range  of  GO  to  150 
nautical  mUes;  too  low  lor  a  sateUite,  and  gen- 
eraUy  too  high  for  a  glide  vehicle.  Inasmuch  as 
It  operates  under  sustaining  iKiwer,  the  sateUold 
resembles  an  aircrafl  and  may  be  subjected  to 
many  of  Uie  same  induced  envlronnicnlu  as  air¬ 
craft,  such  as  vibration,  nolao,  etc. 

At  low  altitudes,  tlie  most  critical  environ¬ 
mental  factor  affecting  sateUold  operation  Is 
skin  temperature  resulting  from  aerodynamic 
heating.  Above  about  70  nautical  mUes,  Uio 
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aniouni.  of  skin  heating  is  determined  to  an  In- 
crcasitig  extent  by  solar  radiation,  and,  as  a  re¬ 
sult,  large  clifferenocc  exist  between  the  skin 
temperatures  on  Uie  lighted  and  shaded  sides  of 
tlie  velilcle.  Other  natural  environments  en¬ 
countered  by  satellolds  are  shown  in  Fig. 2-26. 

As  a  satellold’s  orbital  lifetime  is  extended, 
a  ccri*ln  amount  of  jilting  and  erosion  of  the 
skin  u'ill  take  place  as  a  lecult  of  Impact  by  at¬ 
mospheric  molecules,  mlcrometeorltes  and 
other  particles.  Another  Important  environment 
encountered  by  a  satelloid,  as  well  as  by  true 
satellites,  is  zero  gravity  or  welglitlessness, 
which  prevails  lor  the  orbital  lifetime. 

Satellites 


Df'pirQing  upon  the  distance  a .  which  they 
orbit  the  fiarth,  satellites  may  be  divided  Into 
♦wo  rntegorics:  terrestrial  and  cislunar,  wlany 
of  Uie  environments  experienced  by  each  are 
unique  and  therefore  they  will  be  treated  sepa- 
i-atoly. 

As  sliown  in  Fig.  2-27,  terrestrial  space  be¬ 
gins  at  an  altitude  of  approximately  100 nautical 
miles,  below  which  true  satellite  operation  Is 
impossible,  and  extends  out  to  about  10  to  14 
Fartli  radii.  From  an  enviroauiental  standpoint, 
tJic  major  co.i.siderations  Ln  terrestrial  space 
arc;  (1)  .-’tniosphoric  gases,  (2)  gravitational 
ano.m.'dies  a,-.  1  (3)  the  geomagnetic  field. 

The  (ler.sily  of  the  atmosphere,  and  hence  the 
drag  on  Uic  saicllite,  decreases  continuously 
with  im.roaahig  altitude  (Fig.  2-26).  The  Ui- 


I  m.  2-27.  TcrrcstrhJ  and  cislunar  space. 
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creased  orbital  lifetimes  made  pooslble  by  tlie 
rarlfled  atmosphere  increase  the  exposure  time 
of  the  satellite  to  meteoric  material.  Meteors 
and  mlcrometeorltes  are  especially  concentrated 

_ in  the  plane  of  the  Earth’s  orbit,  and  a  satellite 

with  a  polar  or  near  polar  orbit  is  Uierefore 
least  susceptible  to  bymbardment. 

Satellites  operating  In  terrestrial  space  cn- 
--  counter  gravitattonal  anomalies  caused  by  the 
aspherlclty  of  the  Earth,  especially  Its  oblate - 
ness,  and  the  Inhomogenelty  of  its  mass  olstrl- 
butlon.  From  an  environmental  standpoint,  the 
gravitational  anomalies  are  of  significance  only 
in  that  they  cause  precession  of  s^itelllte  orbits, 
and  this  precession  changes  the  satellite’s  dura¬ 
tion  of  exposure  to  sunlight.  The  disturbing  , 
force  on  satellite  orbits  due  to  the  Earth's  ob¬ 
lateness  la  inversely  proportional  to  the  cube  o£ 
the  distance.  At  ten  Earth  radii  oi  appruxl- 
matelv  40.000  miles,  the  perturbation  due  lo  the 
Earth’s  oblateness  equals  that  Induced  by  the 
Moon.  Thus,  beyond  this  distance  the  perturba¬ 
tion  caused  by  the  Moon  gradually  becomes  more 
domlnaitt.  Gravitationally  speaking,  thereiore, 
terrestrial  space  ends  at  a  distance  of  approxi¬ 
mately  ten  Earth  radii. 

The  geomagnetic  field  ie  environmentally 
Important  In  terrestrial  space  because  it  traps 
tiicomlng  solar  and  cosmic  radiation  tc  form 
the  Van  Allen  radiation  belt  (Chapter  2),  Mea¬ 
surements  made  wltli  Explorer  IV,  Pioneer  III 
and  Pioneer  IV  have  shown  that  the  radiation 
belt  Is  oriented  symmetrically  around  the  niag- 
netlc  equator  and  contains  two  rones  of  radia¬ 
tion,  separated  by  a  gap  about  5000  nautical 
miles  wide.  According  to  the  latest  available 
data,  the  region  of  maximum  radiation  In  the 
inner  extends  from  about  1400  to  3400 

nautical  miles  and  that  of  the  outer  zone  from 
about  8000  to  12,000  nautical  mlleB./44/ 
Thereafter,  the  Intensity  gradually  diminishes, 
reaching  the  level  of  ambient  cosmic  radiation 
it  about  15  53®rtii  r3.di/s 

Cislunar  space  begins  beyond  the  loosely  de¬ 
fined  limit  01  10  to  14  Earth  radii.  No  percep¬ 
tible  radiation,  except  for  primary  cosmic  rays, 
has  been  detected  In  cislunar  space  by  either 
the  American  or  Russian  Moon  prubos.  The 
density  of  gases  In  this  i  e^on  is  extremely  low, 
being  on  the  order  of  1000  gas  particles  per 
'  cubic  centimeter  as  compared  to  approximately 
3  X  10’^  per  cubic  centimeter  at  an  altitude  of 
about  600  nautic^  mUes, 


Although  not-an  environment  In  Itself,  the 
orbital  lifetime  of  a  satellUc  maybe  considered 
an  environmental  parameter.  The  longer  the 
'  lifetime,  the  longer  the  satellite  is  exposed  to 
tlie  environment.  Some  of  the  many  factors  Uiat 
affect  orbital  lifetime  are  altitude,  orbit  eccen¬ 
tricity,  atmospheric  density,  abundance  of 
charged  particles,  and  the  shape  arid  density  of  ’ 
_  the  satouito.  Orbital  lifetime  and  supporting 
data  for  sateUites  laundied  from  1957  Oirough 
1959  are  listed  In  Table  2-13.  The  data  for  Die 


!  r 


•  ■ ) ' 


j. 

'  '  i‘ 
• .  ■( 


‘t't. 
/' . 


2-’S2 


#■ 


Table  2-13.  {Satellite  Data/45/ 


S;itelllte 

Welftht 

(lbs) 

Shape 

DlmenBlona 

Perigee 

(mi) 

Apogee 

(ml) 

Initial 

orbital 

period 

(min) 

lAfnUme 

;;p*i'n'''  I 

M84 

aphore 

dia  -  22.8" 

142 

B88 

90.17 

180  days 

.SfJ'Jtrik  n 

>1120 

complex 

140 

1/136 

103.7 

155  days 

Explorer  I 

.30.  b 

cylinder 

length  -  80" 
dla  -  6" 

224  - 

1,573 

114.8 

3-6  years 

V^n^niard  1 

3.25 

B{iti<}ro 

dia  -  (iA[l 

409 

2^3 

? 

200-1000 

years 

Explorer  III 

31 

cylinder 

length  -  80" 
dia  -  6" 

121 

1,746 

116.87 

94  days 

Spiai’ik  ni 

>  2925 

cono 

length  -  11.70' 
base  dia  -•  5.C7* 

135 

1A76 

106. 

1.23  years 

Exj.lorer  IV 

38.4 

cylinder 

length  -  60.39" 
dla  -  6.2K" 

163 

1,380 

110.27 

450  days 

Atlas-?corc 

87.50 

cylinder 

length-8.S'dla-10' 

110 

920 

101.46 

34  days 

Vaiigu.ird  n 

20.74 

sphere 

dla  -  20’ 

847  - 

2/)e4 

125.85 

~10  yesrs 

Discoverer  1 

1300 

cylinder 

length  -  10.2' 
dla  -  5*  -  ' 

99 

eos 

95*9 

^5  days 

Discoverer  II 

IGIC 

cylinder 

length  -  19.2' 
dia  -  S'  _ 

142 

220 

90.5 

r-lS  days 

Explorer  VT 

M2 

spheroid,  with 
flattened  bot¬ 
tom  and  4 
solar  vanes  or 
paddles 

dla  -  26" 
depth  -  29" 
vanes  -  18"x  18" 

ISO 

26,357 

12,5  hrs 

>year 

Discoverer  V 

1700 

- 

length  -  27" 
dJa  -  33" 

13B 

450 

94 

34  days 

Diacov'Tcr  VI 

1700 

- 

length  -  37" 
dla  -  33" 

139 

537 

94 

62  days 

V.itig'jr rd  lU 

100 

sphere,  with 
tapered  tubu¬ 
lar  extension 

sphere  dla  -  20" 
extension  -  26" 

319 

2,320 

? 

30-40  yrs 

rxplorcr  VII 

91. .5 

2  truncated 
cones  Joined 
at  bauo 

base  dla  -  30" 
length  -  30'' 

342 

680 

101.33 

years 

DiiiC'nercc  VI! 

1700 

length  -  27" 
dla  -  33" 

100 

520 

? 

launched 
Nov.  20. 
iEC9 

l;i  '^covi'rcr  \’ !  11 

1700 

- 

length  -  27" 
dla  -  33" 

130 

1/)3S 

? 

»\,14  days 

AC:  i:=  -  MJe 

372 

spheroid,  with 

4  solar  vanes 
or  puddles 

length  -  39" 
depth  -  5.5" 
vanes  -  24" x  24" 

J _ 

launched 
Nov.  26, 
19.59 
altitude 
unknown 

> 
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DiKovercr  s^itcUlteB may  notbe  represer.tatlVG, 
since  Uie  ejection  of  a  recoverable  capsule  may 
have  lc<l  to  unpredictable  disturbances  ol  the 
satellites’  orbits. 

Launchinjrjind  Reentry  Environments  ol 
gatcllitos  an?  Satelloids 

During  laiiccMug,  uie  environments  cn- 
count.ered  by  satollltcs  and  satellolds  are  simi¬ 
lar  to  tliosc  encountered  by  a  ballistic  missile 
during  powered  ascent.  In  addition,  satellite 
tvpc  vehicles  may  be  subjected  to  a  severe 
shock  environment  upon  being  "boosted"  into 
orbit.  The  environments  experienced  during 
reentry  are  discussed  In  a  later  paragraph. 


space  si  ATIONS 

.Space  .stations  are  inhabitable  Earth  satel¬ 
lites.  They  are  placed  in  orbit  In  a  manner 
similar  to  Inst rumented .satellites  iind encounter 
essentially  tlie  same  environments.  In  con¬ 
trast  to  an  instrumented  satellite,  however,  a 
space  station  carmot  orbit  at  any  arbitrary  alti¬ 
tude.  Urilc'*s  it  is  heavily  shielded,  the  station 
must  orbit  either  aiove  or  below  the  high  Inten¬ 
sity  regions  of  tlie  Van  Allen  radiation  belt.  To 
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vciiiclus. 


stay  above  Ute  belt,  It  Is  expected  that  Uio  orbi¬ 
tal  distance  must  be  greater  than  about  15  Eartli 
radii,  and  at  the  present  time  this  Is  not  tech¬ 
nically  practical.  The  hlglieat  altitude  at  whlcli 
the  station  can  orbit  and  remain  below  the  belt 
Is  about  350  nautical  miles.  For  permanent 
stations,  a  lower  altitude  limit  of  about  200 
nautical  miles  Is  set  by  the  atmosphere.  Thus, 
a  relatively  narrow  corridor  between  200  and 
350  nautical  miles  Is  left  for  the  operation  of 
space  stations,  y^-orc  detailed  data  on  the  natu¬ 
ral  environments  existing  In  this  corridor,  es¬ 
pecially  corpuscular  radiation,  must  be  obtained 
before  apermanent  manned  space  station  can  bo 
estaldishod. 


LUNAJR  VEHICLES 

Based  on  their  Intended  missions,  Lunar 
flights  can  be  divided  Into  the  following  groups: 

1.  Hyperbolic  encounter, 

2.  Lunar  clrcixmnavlgatlon. 

3.  Lunar  capture  (lunar  satellite). 

4.  Lunar  Impact  (hard  landing). 

5.  Lunar  landing  (soft  landing). 

The  flight  paiiis  foiiOwou  by  vehiclvD  In  each 
of  these  groups  are  shown  In  Fig.  2-28,  It  should 
be  noted  that  Fig.  2-28  Is  purely  schematic  and 
Is  included  for  explanation  purposes  only.  It 
docs  not  show  true  Lunar  vehicle  paths  as  they 
exist  in  space. 

The  environments  encountered  by  Lunar 
vehicles  before  they  reacii  the  vlclnl^  of  the 
Moon  have  already  been  discussed.  ^Onco  the 
“vehicle  approaches  the  Moon, theWpe  and  seve¬ 
rity  of  environments  experienced  depend  upon 
.„lte  flight  path,  yehlcles  that  land  on  the  Moon 
as  wm  as  those  that  become  lunar  satellites, 
will  Ko  g»*y  to  tsni^'cr^urc  shock  ctuc  to  1)^6 

-  extreme  temperature  difference  between  Uic 
ll^t  and  dark  sides  of  the  Moon.  Also,  Lunar 
vehicles  that  ignite  an  auxiliary  propulsion  sys¬ 
tem  to  exercise  "a  powered  maneuver  near  the 
Moon  will  be  suWeeted  to  acceleration  or  de- 

^  celeratlon,  as  well  as  shock  and  vlbrailcn.  r  or 
Lunar  impact  vehicles,  which  fal'  to  the  Moon’s 
surface  under  the  force  of  gravitational  attrac- 

-  -  tlon,  the  most  severe  environment  encountered 

is  Uic  extreme  shock  at  impact. 

The  surface  oLthe  Moon  must  also  be  con¬ 
sidered  from  an  environmental  standpoint,  al- 
tliough  It  1b  not  known  for  sure  whether  It  con- 
slstB  of  a  hard  crust  or  Is  covered  with  a  thick 
layer  of  dust-llke  material.  In  addition,  tiio 
almost  nonexistent  atmosphere  of  the  Moon  will 
provide  vehicles  with  little  shielding  from  the 
Intense  bombardment  of  meteoric  material  and 
solar  radiation. 

AnoUier  natural  environment  that  will  be  cn- 
— -countered  on  the  Moon  Is  low  gravitational  ac¬ 
celeration,  Its  value  at  the  Moon’s  surface  Is 
only  about  16  percent  of  the  value  on  Ea^lh. 
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INTKiiPLANETAilY  VEHICLES 

For  Uie  purposes  ol  this  disr.usslon,  Inter¬ 
planetary  vehicle  refers  toaspace  vehicle  trav- 
elln,:  l>etween  the  Earth  and  another  planet.  A 
flip.ht  path  scqxience  that  might' be  followed  by 
a  vehicle  traveling  froni  Earth  to  Mars  Is  shown 
In  Fig.  2-29.  The  vehicle  Is  placed  Into  a  low- 
aitllui.  orbit  around  (_'.e  Earth  when  both  planets 
arcat  (A).  Asuiiabledeparturenosltlon  Is  reach¬ 
ed  when  the  planets  are  at  (B),-and  the  vehicle 
13  Uien  lioosted  out  of  Its  Earth  orbit.  It  coasts 
out  of  the  EarUi’s  relevant  gravitational  field  and 
comes  under  the  influence  of  the  Sun’s  gravita¬ 
tional  field.  If  undisturbed,  the  vehicle  would 
travel  in  an  elliptical  orbit  around  the  Sun,  with 
its  orbit  crossing  that  of  Mars  at(C).  However, 
boUi  Marp  .m'l  tlie  vehicle  arrive  In  the  vicinity 
ot(C)  JL.  the  same  time,  and  the  vehicle  Is  "cap¬ 
tured"  by  the  planciji  gravitational  field,  A 
powered  maneuver  is  then  required  If  the  vehicle 
ifa  cither  to  land  or  l>ccome  a  satellite  of  Mars. 
Similar  types  of  flight  paths  may  be  followed 
by  vehicles  traveling  to  planets  other  than  Mars. 

M;my  environments  encountered  by  Inter¬ 
planetary  vehicles  depend  upon  whether  thay  are 
traveUuig  tov/ard  or  away  from  the  Sun,  With 
increasing  distance  ^rom  the  Sun,  corpuscular 
radiation,  as  well  aa  solar  light  and  heat,  de¬ 
crease  in  intensity.  Conversely,  for  a  vehicle 
travf?iirig  itearec  lu  Uio  Suit,  tiiC'SQ  envlronnients 
become  more  .icvcre.  The  asteroid  belt,  which 
is  coiiceatratc  J  between  Uie  orbits  of  Mars  and 
Jui.iil'T,  becomes  an  environment  for  vehicles 
traveling  to  Jupiterandthc  more  distant  planets. 
Ollier  enviromnents  that  may  be  encountered  by 
veliieles  in  interplanetary  space  are  dust,  me¬ 
teoric  rtiateriai  and  comets. 

Upon  arriving  at  a  particular  planet,  a  vehi¬ 
cle  will  he  fculjji;ctcd  to  many  environments. 
Aini' lijCicrc,  die  licld,  gravitational  ac¬ 
celeration  anu  .surtace  characteristics  vary  from 
pl.ui' t  to  planet.  Mars,  for  example,  has  an  ex- 
trerm  'y  Uiin  atniosphcrf’  wtiile  lhal  of  Venus  is 
relatively  douse.  .Siniilarly,  some  planets  are 
l-  iif  /od  lo  have  fairly  weak  magnetic  fields, 
u  lnlc  it  appeal  s  tti.al  Venus  possesses  a  powerful 
one,  and  (■o->.soqncnUy.  a  radiation  bell  similar 
to  UiL  LarUi's  Van  Allen  bell,  but  far  more  in- 
t',  nsi.  .  A  (.)' tail'  d  dineussiori  of  planetary  fcu- 
\  o  ,■  'nf.  iits  ic  rontained  in  previous  portions  of 
tins  (li,i.’ter. 
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iteeiiii  y  m  cnirs  when  a  vehicle  returning  from 
spine  enters  tlie  Earth’s  relevant  atmosphere, 
'I  lie  kinetic  energy  of  the  returning  velilcle  Is 
nnermous,  :uid  tlie  relatively  rapid  dissipation 
of  Uiis  energy  results  in  severe  aerodynamic 
lieati'  g  and  deceleration. 

A'n  odyraiinc  Heating 


.^eI  ulynaii'ic  licallni;,  caused  by  Uie  Intense 
Iriclion  between  Uie  vcliiele's  skin  and  the  air 
niolri  nl '  s,  ir  the  most  dc’slructive  xcentry 


environment  encountered.  The  high  air  density 
andhlgh  speeds  Involved  can  cause  the  skin  tem- 
crature  of  the  entering  vehl^e  to  go  as  high  as 
200  R.  Factors  that  determine  the  severity  of 
---aerodynamic  heating  Include:  (1)  speed  of  re¬ 
entry,  (2)  reentiy  angle,  which  is  measured  with 
-  respect  to  the  local  horizon,  and (3)  shape  oi  the 
vehicle. 

Lower  reentry  speeds  decrease  aerody¬ 
namic  heating  by  reducing  the  friction  between 
atmosphere  and  vehicle.  Smaller  reentry  angles 
also  aecrease  aerodynamic  heating,  since  iiie 
vehicle  passes  more  gradually  throu^  the  at¬ 
mosphere,  thus  allowing  more  heat  to  be  dissi¬ 
pated  Into  the  atmosphere  than  Into  the  skin. 

The  shape  of  the  vehicle,  especially  its  hlunt- 
ness,  has  an  important  effect  on  aerodynamic 
heating.  Slender  and  sharp,  or  pointed,  bodies 
have  more  surface  area  exposed  to  the  airflow, 
and  therefore  build  up  a  thicker  boundary  layer 
(see  Fig.  2-30).  The  shock  wave  at  the  pointed 
nose,  or  edge,  is  generally  not  as  steep,  and  hence 
weaker  than  that  of  a  blunt  body;  and  the  air  flow 
velocity  behind  the  shock  wave,  as  well  as  the 
boundary  layer  friction,  is  tnuchhlgher.  This  re¬ 
sults  in  less  energy  being  dissipated  Into  the  air 
by  the  shock  wave  and  more  into  the  boundary  lay¬ 
er  and  skin.  Consequently,  severe  aerodynamic 
heating  takes  place  at  BhiLrp  or  pointed  e^es. 

The  shape  of  the  vehicle  also  affects  aero¬ 
dynamic  heating  by  Influencing  the  reentry  vel¬ 
ocity  and  angle.  A  supor-aerooynamlc  glider, 
for  example,  possesses  some  degree  of  aero¬ 
dynamic  lift,  which  enables  It  to  maintain  a  small 
reentry  angle  for  a  longer  time  Uian  would  other- 
wlse  be  possible.  It  should  be  noted,  however, 
th.at  for  a  vehicle  employing  lift,  tlie  reentry 
time  is  greatly  Increased.  And,  alUiough  peak 
skin  temperature  Is  reduced,  the  total  quajitUy 
ot  heat  tJiat  enters  the  vehicle  Is  gonorally 
greater  than  for  a  non-lilt  producing  vehicle. 

Deceleration 

As  shown  In  Fig.  2-31,  Uio  deceleration  ex¬ 
perienced  by  a  v^lclo  ^rlng  reentry  is  pri¬ 
marily  determined  by  Uie  reentry  angle.  Tills 
angle,  measuredwlth  respect  to  thc'loriii  horizon, 
Is  negative  In  a  downwai^  direction.  It  can  be 
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Communications  Interference 

Extreme  temperatures  exlat  behind  the  shodc 
wave  set  up  by  a  reentry  vehicle  with  a  blunt 
shape.  At  these  temperatures  and  the  accom¬ 
panying  low  pressures,  air  molecules  are  dis¬ 
sociated  and  to  some  extent  Ionized.  This  hot 
plasma  surrounding  Uie  vehicle  has  a  high  de¬ 
gree  of  absorption  for  radio  signals  with  fre¬ 
quencies  up  to  abcxit  15,000  me;  and  sliice  fre¬ 
quencies  between  20,000  and  3Q,()00  me  and  be¬ 
tween  40,000  and  60,000  me  are  attenuatiKl  by 
atmospheric  water  vapor  and  oxygen,  only  a 
limited  portion  of  the  spectrum  can  be  used  for 
radio  commtmication  with  a  reentering  vehicle. 
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Tii^.  2-130.  Aerodynamic  heating  as  a 
fuiiCLioii  ol  oliape. 


seen  tlial  the  v.-load  increases  rapidly  for  re- 
enlry  unifies  /neater  than  two  degrees.  This  is 
ospet  i.Uly  ci.uigcrous  as  far  as  liuman  trans- 
p'lrla'i'in  is  concerned,  since  small  errors  In 
tlic  reentry  angle,  result  in  large  changes  In  the 
decel'Tulicn  env ironment. 


Tlie  dr?/  puraineter,  C.oA/W,  which  is  a  func¬ 
tion  of  tlic  vi.i.icle’s  sliapo  and  mass,  tiaa  almost 
no  cflcc  t  on  the  deceleration  environment  other 
than  to  clwui'.’.e  Uie  altitude  at  wiich  tiie  peak  g- 
loH.l  ()( (urs.  Siciilarly,  the  reerfry  velocity  has 
little  ailcrt  on  deceleration.  A  ^ocity  reduc¬ 
tion  of  as  nuicli  as  30  to  40  percent  of  circular 
vcloccty  causes  only  relatively  small  changes  In 
-load. 
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Fig.  2-31.  Variation  of  deceleration  with 
altitude,  reentry  angle  and  drag  parameter. 
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CHAPTER  3 

ENVIRONMENTAL  FAaORS  AND  EFFECTS 


The  effects  of  the  various  environments  on 
vehicles,  support  equipment,  components 
and  rmii.j  ip.Is  ai  e  descii'oed  in  tiiis  chapter. 
Naiural  and  induced  environments  are  covered, 
boUi  smqly,  and  where  information  Is  available, 
in  cornljin.ttiotis. 

To  avoid  excessive  repetition,  the  environ¬ 
ments  are  covered  independently  rather  than  In 
mission  priifLiec  r  fiif'ht  path  sequence.  Infor¬ 
mation  on  H'liic.h  particular  environments  are 
lil'.clyto  ito  encountered  by  fliivi.U  vehicles  follow- 
inc  specific  fl'irht  paths  is  (^iven  in  Chapter  2. 

iJi  cause  of  Ujo  intcrrelalion  between  environ- 
rnoclal  efiecls  and  methods  of  protecting  systems 
and  equipment  against  lliese  effects,  some  over¬ 
lap  eyisis  tie!  ,  cen  ttio  information  contained  In 
this  ch.'ptor  -ind  that  contauied  in  Cliapter  5 
(KNVT'tONMI'.N  JAL  PROTECTION).  Thus,  for 
nix'-.inunn  bcneiit  Uicsc  two  clu'yotcrs  should  be 
used  ill  (lore  loniunclion. 

ENV1I>0\'MJ:,N'7  .M.,  F.FPECTS  ' 

Environm' ntal  effects  (;ill  inha  two  general 
cat'i,  .rios;  nporalional  ;uid  mcclU’Jilcal.  An 
opoi  .iliona'  c  a<t  is  one  Ui at  does  not  actually 
ca'ise  Liie  sy-'eni  to  fail,  Jut  ncvcrtiiclcss  pre- 
\'L'iiis  it  from  iuiiiiiini'  its  intended  mission.  As 
ail  VAa.npjlc,  interfereiue  caused  by  a  severe 
elc(!ric;Ll  storm  eim  make  radio  reception  im- 
fiosrill'',  even  Uiouqli  the  leceivirig  equipment  is 
in  iv'od  'jpe  I  a  tin  ;  cundii.ion.  A  ineetianicaf  ef- 
f(‘tt,  on  tic:  (iJicr  li.md,  is  an  actual  defect  tlial 
preventd  toe  system  from  funclioning  properly. 
lircK-.plcs  of  tiiis  are  ;ui  tuiterma  damaged  by 
liyli' nim;  and  a  frozen  starter  motor. 

Ta:;lu  .1-1  is  a  list  of  natural  eiivlixinmcnls 
siiovi'in  w  tie  J'ji  the  effect  of  each  is  opcraUontii 
or  ii.ct  hj.ocal.  'J  lie  sanie  inf  or  mat  ion  for  induced 
cnvii 'ihiii'  ii'.-i  IS  sliown  in  Table  3-2.  A  more 
d(.‘l;tilc.l  i.ililc  shew  iiii:  Itic  portion  of  llie  mission 
ptolilt,  duririi;  width  tlie  various  environments 
w  ill  most  1  itn.ly  111.  uncountered,  aswelias  w  lictli- 
er  Ion  (Ifcils  ai"  opei  .it  i'liud  or  mechanical, 
is  Im  I'jtli'd  m  C  li.ipLcr  4  f'J'alilt  4-2/, 

Tl.VMM  HA'I  I  !!!; 

1  .11.',!  imeiit.illy,  tcmpioaliire  Is  a  nianifcnta- 
li  111  i|  die  ,1'  I'l.u'.e  1 1  .m'd.it  iiii.ai  kinetic  energy 


Table  3-1.  Natural  Environments  and 
Their  Effects 


Environment 

Effcul  1 

_ 1 

Operational 

Mechanical 

Albedo 

X 

AlUiudc 

X 

Clouds 

X 

Cosmic  rays 

X 

Density 

X 

X 

Dev/  ~ 

X 

LlBsociated  gasea 

X 

Fog 

X 

Froat 

X 

GcomagnoUam 

X 

Gravity 

X 

X 

Hall 

X 

X 

H^gh-Bp^^^d  particles 

X 

Humidity 

X 

Ice  (freealiig  rain) 

X 

Ionized  gSBoa  — 

X 

Lightning 

X 

X 

Mo’eorolds 

X 

Ozone 

X 

PoUulion,  >Ur 

X 

X 

Pressure,  air 

X 

iuiirk 

A 

Salt  spray 

X 

Sand  and  'dual 

X 

X 

Sky  brlghtneBB  ” 

X 

Sleet 

X 

Snow 

X 

Solar  radiation 

X 

Tcmpcralu'Xi 

X 

X 

Vanuum 

X 

X 

fc-. 

Wind 

X 

X 

Wind  shear 

X 

X 

of  ttie  nioleculcB  of  a  substaiice  due  to  iieat  agi¬ 
tation.  It  should  be  distinguished  from  iioat, 
wliich  is  a  form  of  energy,  while  temperature  Is 
a  factor  affecting  Uic  availability  nf  energy. 

Every  weapon  cyslem  Is  exposed  to  niany 
varied  tcmjxiralurc  extremes  from  pioducllon 
until  tilt  tl me  of  participation  In  a  inission.  Tem¬ 
peratures  ina  system  arc  initially  influenced  by 
solar  rxdlatlon  and  ambient  air  temperature. 
Kysiem  oifcratlon  creates  additional  lieal  sources 
UialcontrllnilotobUiijco  and  conipartinenl  Icni- 
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Table-  3-2.  Induced  Environmenta 
and  Their  Effects 


Effect 

Knvi  ronment 

Operational 

Mcchanlca.1 

Acoelcratlon 

X 

Acoiintlcs 

X 

Aerodynamic 

heating 

X 

X 

Atmospheric 

electricity 

X 

X 

Icing 

X 

X 

Moisture 

X 

X 

Nuclear  bla.it 
(near  rr-iflc) 

X 

X 

Nuclear 

r.idimiop 

X 

L'hfM.’k 

X 

.Nonle  boiim 

X 

X 

I  •  ivjxM-at’.ire 

X 

X 

■luibuleiic'- 

X 

X 

V  :p  Jf  Inill.-i 

X 

Vbr.alion 

X 

Z^r-o  ftravitv 

X 

ii-  i  ,itnr'-.s.  Ai  buj't  rjionic  .speeds,  acrodynanilc 
i  eii'ini',  l)r'i-']nifs  Ltic  preclom inatin[;  factor,  fol- 
Ji  -.w-il  by  ilcclronic  and  pr(;iinIston  equipment 
iic.i' 111'.;,  and  Ihrii  by  solar  radiation. 

I'’  ;U  Prod'i'  in;;  S-injire'-H 

}  l.  ;IU  v'.hitic  .surf.ate  and  coinpartnent  tem- 
I  tiure;-;  are  bruui;lit  alKjiit  by  one  or  more  of 
tin-  four  lolli  v,ini;  tnajor  beat  eourecs; 

1.  An!lii_’il  air  U  in jh  i  alurc, 

1,  Sol. 11'  r.i'.liali'in. 

Aor  "lynaniii  lieatini;. 

-I.  l!'-.i;-|jiodii(  ini;  eqi/iprncnt. 

.Nnibic-nt  All  d  cnipei  ;iturc./l/  On  the  ground, 
111  all  tioipcr  atui  e  i.s  Irifln.tnced  by  many 
f  .i  .'i.'i,  iiiiiie  of  wlil'jti  are:  1.,^  nature  of  Uic 
1  .u  Ui'K  !iui  i ,u  e,  i;eo(;ra[<bieal  latitude.  Incidence 
(.!  .sol. II  1  adi.ition  si.-a.si-n  pi  evallin^;  winds,  and 
Id  iiiosplic  I  il  l  oncliUonn.  Teriiiieratares  over  the 

I  of  1 M-  1  i;u  t  li  r  ,Uu;i’  f  I  orii  nlnjuT  -1 1 7  f  ( -(13  C)  iT) 

r.''i  I  (f'?  L).  I'or  filiorl  [ler  lrKfs,  \k)U’  tfie  low 
a  l  l  liii’.li  li  iiip'  i  alui  ( ;;  c  an  Ih:  exceeded. 


Solar  Radtatton.  Direct  absorption  of  solar 
enei-gy  can  Inccfcaau  Aircraft  and  compartment 
temperatures  well  above  ambient  air  temper- 
'  ature.  Solar  radiation  Is  of  particular  iniport- 

—  anceonfllf^t  vehicles  parked  In  the  open  and  on 
equipment  stored  without  p>-otectlve  coverings. 

Depending  upon  the  material  surface  and  tem¬ 
perature,  solar  radiation  lu  reflected  or  ab¬ 
sorbed  In  varying  degrees.  Once  the  radiatlor 

—  is  absorbed  by  the  cuter  surface  of  a  flight  ve¬ 
hicle,  Its  effects  on  temperature  axe  dependent 

—  on  the  thermal  capacity  and  heat  transfer  char¬ 
acteristics  of  the  skin  and  on  the  flight  vehicle 

-  structure.  If  the  night  vehicle's  thermal  capac¬ 
ity  and  heat  transfer  capabilities  axe  hl^,  the 
absorbed  heat  will  be  stored  in  the  material  cr 
distributed  around  tl»a  body  with  moderate  tem¬ 
perature  changes.  If  the  thermal  capacity  is 
small,  temperatures  will  rise  nioxc  r?iplri]y./2/ 

Aerodynamic  Hcatlng./S/  The  heat  produced  , 
by  the  compression  and  friction  of  air  sliding 
pasta  moving  object  Is  generally  referred  to  as 
aerodynamic  heating.  Since  this  heating  effect 
is  p  roporllonal  to  the  square  of  the  Mach  number, 
eubst^tlal  increases  In  temperature  can  be  pro¬ 
duced  at  high  night  vehicle  speeds. 

Figure  3-1  shows  a  speed -temperature  re¬ 
lationship  al40, 000  feetfoi- Velocities  up  to  Mach 
10.  The  information  la  based  on  the  assumption 
of  a  0.9  recovery  factor,  no  solar  radiation  and 
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f!iUin(iurd  atmo.sptiorlc  tornperatures.  This  11- 
lusiratloii  prapi’.  Ually  ehows  the  daiigerouf'y 
hijjh  tcnipcrat i;r(  s  Lliat  arc  reached  ai  speeds 
exceetiiiig  Mach  2. 

Heat-Prodiiring  Equipment.  At  low  speeds, 
the-  principal  source  ornifiEt  vehicle  heat  Is  the 
equipment  wiUiln  the  vehicle  Itself.  Electronic 
:,qu!pmpnt,  electrical  rotating  equipment, power 
plants  ana  bcv -'•al  other  types  of  airborne  equip¬ 
ment  c.m  produce  sufficient  heat  to  raise  com- 
parlnicnt  temperatures  appreciably. 

Altliough  the  heat  produced  by  any  piece  of 
equipment  could  be  critical,  electronic  and  elec- 
tricid  equipment  are  gcneially  considered  the 
major  internal  heat  sources.  The  trend  toward 
miniaturization  and  greater  power  output  also 
acce.ntuatcc  Lilt  local  flight  vciiicle  heat  Letenalty 
pro'ijo.as. 

Power  plajil  heating  is  a  critical  factor  In 
compartments  surrounding  the  engine.  Althougli 
thermal  insulation  is  generally  used,  sufficient 
heat  is  transferred  to  Uiooe  areas  immediately 
adjacent  to  tlic  engine  to  restrict  severely  the 
installation  of  oUier  cquii)rnent.  ' 


Tcnm)0rat uro  f, fleets  o n  Muterials 

Heat  and  Col'.l./4/*  Heal  and  its  correlative 
cold,  or  Uie  ai'sonco  of  heal,  act  us  agents  of 
ciienuc:d  and  pliysical  dctei  ioraliun  for  two  basic 
rcasrm.H.  I'ir.s'  the  physical  properties  of  almost 
ail  k.ro'.>.n  matciLds  arc  greatly  modified  by 
ciiange.s  in  temperature;  ajid  second,  the  rate  of 
almo.nt  ai)  chetnical  reactions  is  markedly  In¬ 
fluenced  liy  'enaperature,  F'r  chemical  reac¬ 
tion.'!,  a  far  diar  ruic-of-Uaiml)  is  that  the  rate 
of  tni;st  reactions  dcutjlcfj  for  every  rise  In  tem¬ 
perature  of  IOC.  Most  chemical  activity  Is  step¬ 
ped  up  liy  lie. ding  and  slowed  down  by  cooltng. 

All  cla:inical  and  physical  agents  of  dete- 
riora'inn  i-xid  m'jtualiy  interrelated  actions, 
ar;d  i.s  not  a'wp.ys  cp.sy  to  fli.stlntnii.sh  bclw-cn 
Uif'tw'o  o.xccf  l  in  the  most  suptmfic.ial  vay.  The 
efiei  t  of  iicat  and  cold  o.u  ntate.'-ials  is  nx)dLfled 
L>  the  in  oson  e  nr  absence,  or  by  Uie  relative 
inteii:  dy  of  oUicr  a.gont.s  like  rTioi.slu.rf,  sunlight 
aii'i  oiygcn. 

Hi',  si' aJ__l.ncct_.s.  Aside  from  Uic  fact  that 
many  in.d ori.Js  undergo  a  ctiar.ge  of  slate  with 
the  I '  quii  cd  ir.'Tuase  or  dectease  l.n  tempera- 
tujc  iin.'d  IS,  solid-!  melt,  liquld.s  freeze  01'  boll 
a’.vp.y  hilu  gaser,  and  (;ases  condense  to  liquids), 
j).'!  li.ip;;  tlie  mod  important  pliy.sical  effect  of 
ad'tiii  )!'  nr  rntunval  of  heat  on  materials  is  that 
of  ch,i!i  O’  in  dinurn.'tlnns.  Witli  very  few  otcep- 
tinns,  a'l  known  mate.  ial.s  extaand  on  l.ealln'g  and 
cont  I  .n  t  on  co  Mling.,  and  dificrent  materials  ex- 
p.uid  .i’,J  cnniiaci  at  diff ei ent  ratc'8.  Parts  do 
imta  .laUyfittogetiinr  at  one  temperature  in  Uic 
way  at!  lti‘'y  do  at  anottier.  'dims  changes 
in  dm  icnipni  ature  ni  certain  ;iusenil)liea  can 


•l!  til  pi  til  iyi  atlori  o!  Mateiliil  --.Causca 
a'd  !  1 ■  O'!  1 j ‘'clmap.i'h ,  by  (lien  A.  (Jr  eat - 
ii'.'i'.i'  an.lC.o'  d.Vv'essel,  courtiHy  ol  llt'lnliold 
I'n'  ii  .hii'i;  (.  o)  il  l/ atinii,  I'.'xjk  Dlvif/tor, 


result  In  some  components  being  forced  apart 
while  others  are  unduly  compressed.  The  co¬ 
efficients  of  expansion  for  some  commonly  used 
materials  are  listed  In  Table  3-3. 

Moreover,  most  materials,  for  lack  of  per¬ 
fect  hoa,t  conductlvltv,  do  not  ordinarily  heal  up 
or  coed  off  imlformly  throughovd  their  volume 
but  do  so  by  a  series  of  temperature  gradients. 
Hence,  the  several,  portions  of  a  single  piece 
may  expand  or  contract  at  different  times  and 
different  rates.  The  result  In  moot  cases  Is  a 
complex  eystccA  of  Internal  stresses  that  the 
material  may  or  may  not  be  able  to  withstand. 

Chc-mlcat  Effects.  As  temperatures  Increase, 
roost  materials  not  only  show  a  ctiango  In  phys¬ 
ical  properties  orona  kind  or  another,  bdt  they 
are  also  more  likely  to  undergo  cheinl>“.»l  changes. 
These  changes  take  place  within  the  in:d*»>r-‘al 
or  by  chemical  reaction  wltli  other  elements  of 
the  environment.  Chemical  reactions  proceed 
-more  readily  at  high  temperatures  than  at  low 
ones. 


Table  3-3,  Linear  Coefficients  of  Expansion 
for  Some  Commonly  Used  Materlals/S/ 


Material 

Coefficient  of  expsirsion 
(per  dog  F  X  10"®) 

Porcelain 

2.0 

Carbon 

3.0 

Chromium  ^ 

3.4 

Wood  {s.verp.go) 

3.5 

Glass  (average) 

4.5 

Titanium 

4.7 

Stcol,  soft  rolled 

6.3 

Iron 

6di 

Nickel 

7.4 

Copper 

9.2 

Zinc 

9.4  -  .22 

Ur  on  7,0 

10.0 

Urasc 

10.4 

Sliver 

10,9 

Hr* 

13.0 

Aluminum 

13,3 

M.'igiiOB'um 

I'i.O 

CttU/JTilum 

16  6 

j  Ilubbor 

1 _ 

42.6 
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On  to  elevutcd  temperatures  many 

orpunic  materials,  especially  those  of  complex 
structure,  underpo  Internal  chenjlcal  changes 
such  as  rearrangemont,  polymerization,  cleav¬ 
age  and  pyrolysis.  Certain  plastics,  for  example, 
experience  continued  jjolymerlzallon  under  ^e 
influence  of  temperature;  others  undergo  split¬ 
ting  of  polymer  chains.  And  finally,  Increases 
in  terpf '  ralure  encourage  the  reaction  of  many 
materials  wltii  water  (nydroJysls)  or  with  oxygen 
toxldalion),  or  both. 


i.nw-Tpmncrature  EffectH./3/  The  effects  of 
lo^TTemperaturcs  on  materials  are  as  follows: 

1.  Lubricants  become  more  viscous,  loosing 
lubrication  .uia  'i(r;/  qualitios. 

2  Rubbers,  particularly  caibon  based  types, 
stificn,  become  britUe  and  cventuaUy  crack. 
Rubt.'cr  shock  mounts  lose  their  resilience,  ana 
loai'l-carryiniT  lubber  parts  such  as  tires,  los6 
strength  or  Ixjcomc  temporartly  deformed. 

3.  Most  plastics  become  brittle  and  fracture. 
However,  some  tliormoplasticp,  such  as  Teflon 
and  p-)lyethylei!e,  mamtain  satisfactory  pliabil¬ 
ity.  Lloctrical  cliaracleristicp  of  plastics  are 

''HnmH  n  r \tT  »'0  f  i  bl'-* . 

i  aCy  t.  U.«  u»_4  V.-.-  1.^1  w*.  a—W.  4 

4.  Mpf-,1  hydr'-'.i'.ic  fluids  t}iic:ken,  and  th'  sys¬ 
tem  'oecorne.s  s  .Iff, 

5.  Most  Ftf-uefurai  metals  exJilbit  a  decrease 
in  imfiact  prop-irtios, 

G.  LeaUicr  l.'ceomcs  stiff,  and  cracks  and 
tears  easily  under  tension,  torsion  or  Impact. 

7.  Heavy  fabnc.s,  like  canvas,  become  so 
Lnflc.-ii'olcUiey  c  .uinol  ire  folded  or  unfolded  wlUi- 
oui  dmiger  of  i  '•caking  or  tearing. 

S..  Some  nialcrials,  notalily  glass  and  wood, 
arc  i.  iV  appreciably  affected. 


H  ic.h-T<’i  ip<'i  :Uure  Elfects.  Tlie  effects  ot  high 
tfirTi  i.'iniTur-a  ui  maierials  arc  as  follows: 

1.  G  r'.' i.scs  become  Hi  in,  break  down  and 
o.-icidi/.c.  71:'-  oil  base  evaixrral’es  and  the  soap 
bare  >  bars  under  llie  increased  frictional  heat, 
l.utjrii  a'li.i;  '.ills  evaiKirate  or  oxidize,  forming 
sbuJ.p.'. 

2.  V.licn  in  c'jnlart,  luliricants,  hydraulic 
fluid,  and  various  metals  undergo  a  complex 
eheiiiii  al  rt  ucliuii  tlial  leads  to  *1)  a  decrease  la 
I'llii  icaiif  life  and  {2)  (urrosioii  of  Uie  metal. 
Me;..!,-,  ali'  clid  t!ii;;  way  include  cadmium,  cad- 
niiin.i.ilbiys.  I'll,  had  alloys,  magnesliim,  cop¬ 
per  .Old  Sliver.  Steel,  aiuminuni  and  titanium 
aie  not  idf'  cleii  appreeial ily . 

3.  1’  'libcis,  liolli  nalnz'ai  and  nyiiUictlc,  bc- 
eiiiiie  loirnniv,  take  on  a  permanent  set,  and  de~ 
CM.i'.e  in  tensile  sii eni'tli,  'Ihe  teiiipcralures 
at  uhiili  vai  iona  ty|ies  of  rublier  become  unus¬ 
able  are  sli  ivn  in  i  able  S-*!. 
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Table  3-4. 

Degradation  of  Hubbor  by  High 
Temperatures  /3/ 

Type  of  rubber 

Highest  usable  temperature  F  (C) 

L 

SHloone 

500  (260) 

•  1%.^' 

Poly  aory  lie 

350  (177) 

■'t 

Buna-N 

340  (171) 

'i 

315  (157) 

Bu^l 

300  (149) 

.  .  1 

Buna-S 

280  (138) 

;  -  JrM 

Natural 

260  (127) 

:3l 

Thlokol 

250  (121) 

■ 

1 

■  -h 


4.  Organic  materials  deteriorate,  and  long-  t'rj 

ramge  aging  pi'ccesses  are  accelerated.  The  .•j 

heat  distortion  of  most  thermoplastics  Is  below  , 
203  F  (95  C),  and  cellulose  begins  tc  deteriorate  v:  .^,v 
at  about  212  F  (100  C).  «ai 

5.  Hydraulic  fluids  ezaiK  rate,  break  down 

and  oxidize.  '  ,  J|, 

6.  The  strength  of  most  flight  vehicle  struc- 

tural  materials  decreases,  y.*; 


Thermal  Shock.  Thermal  Shock  refers  to 
sudden  changes  In  temperature,  whlcli  result  In 
high  temperature  gradients.  Depending  upon 
the  sever  ity  of  tho  thermal  shocks  and  the  re¬ 
sulting  stresses,  the  elfects  can  vary  from  little 
or  no  damage  to  complete  rupture. 


Thermal  shock  will  bo  encountered  most  fre- 

_ fVinf  Kairn 

posed  to  low  temperatures  for  long  periods  are 
quickly  brought  up  to  maximum  Bpeeds./S/ 


Temueraturc  Effects  on  Components 

Extreme  temperatures  are  frequmiUy  tlic 
cause  for  tlie  failure  of  component  parts.  The 
general  effects  of  temperature  on  various  com- 
'  ponents  are  described  In.  the  paragraphs  that 
follow.  Electronic,  electromechanical  and  mo- 
^  chanlcal  components  are  dlscuseed  under  sep¬ 
arate  headings. 
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Electronic  Components  /5/ 

-  Resistors.  Tim  types  of  resistors  presently 
em^byed  In  military  equipment  generally  per¬ 
form  satisfactorily  at  low  tcmficraturcs,  aJUiough 

'large  resistance  variations  In  high  value  com- 
f)OHltlon  resistors  can  be  expected.  High  Itm- 
poralures  cause  most  resistors  to  fall  rapidly. 
IJoth  reversible  aitd  Irreversible  roslstanco 
changes  take  place. 


WiUiiii  Uie  temperature  range  of  -67  to +77  F 
(-55  to  +25  C>,the  resistance  ol  wire  wound  re¬ 
sistors  iiHualiv  varies  less  than  1  percent.  The 
actual  extent  of  Uie  resistance  change  for  any 
particular  resistor  depends  upon  Its  nominal 
value  and  the  resistance  materialjused.  Use  ot 
cUssitiillar  nielais  fur  control  Bl?ait.s  and  shaft 
Irearlrigs  of  continuously  variable  resistors  (po 
tentlonifcl^rsandrheosiata)  can  result  In  exces¬ 
sive  tightness  or  looseness  of  chattH  at  low  tem¬ 
peratures.  Binding  of  the  shafts  can  also  result 
If  proper  lubricants  are  not  used  in  the  bcarLngs. 
The  torque  lequired  to  rotate  the  movable  arm 
ol  some  units  operated  at  -67  F..  (-55  C)  can 
i'omeiiuies  be  more  than  50  times  as  great  as 
tiie  turning  effort  needed  at  room  temperature. 
Temjwrary  electrical  discontinuity  In  variable 
wire  wound  ’■-■siEtors,  due  to  ice  formation  or 
hardCiung  of  the  lubricant  on  the  resistance  ele¬ 
ment,  have  been  reported  at  -67  F  (-55  C)./6/ 


Composition  resistors,  both  fixed  and  vari¬ 
able  can  show  resistance  variations  of  from  10 
to  50  percent  as  the  teniperature  varies  from 
-07  to  +25  F.  Tlio  larger  cli-mgcs  take  place  in 
resistors  of  higlier  nominal  values.  During  tlier- 
inai  cycle  tests  performed  between  -67  and+25  F, 
numerous  cracks  in  the  plastic  Insulating  tubes 
of  certain  fixed  composicion  resistors  developed 
Although  tlie  cracks  do  not  rJter  the  resistance 

C  nai'iK.  i(.'i  liiui  ^  iii  a  cum 

Uic  life  of  tl;*'  affected  units.  Variable  compo¬ 
sition  resistors  .are  subject  to  the  same  torque 
and  discontinuity  difficulties  mentioned  In  con- 
iiecticjii  V, iU)  wii 2  wound  resistors.  In  addition, 
high  temperatures  cause  Uic  lubricants  used  In 
all  vai  iaiilc  resistors  to  dry  up,  ooze  out,  or 
niigrab-  irom  llie  bearings  to  oUier  surfaces. 


Cap.u  iloim.  Most  capacitors  are  capable  of 
satiEbrcuify  oficration  attemnoralurcs  aslow  as 
about  -15  F  (-15  C)  and  often  lower.  The  be- 
havioruf  eleeiii)'  tic midwax  iniprcfpiatcd  paper 
capaciioi.s  l/'coinos  critical  at  temperatures 
belveen  +  .'i2  and  -10  F{0:uid  -40  C).  Some  types, 
surlias  tai  laiiini,  can  operate  at  llie  lower  tem- 
pcraiui  os,  but  under  roverai  limitations. 

Elc( !  I ‘j'ytic  capacitors  extubil  large  reduc¬ 
tions  M  etfectivo  capacitance  at  low  tempera¬ 
tures,  ti  c  cxtc.it  depending  ujwn  tlic  electrolyte, 
lyi)e  of  1",',  volt/.i'c  rating  and  manufacturing 
Iccliiii  : 'f  lic  scries  resistance,  and  consc- 
queullv  Ui"  imp'  cuince,  of  electrolytic  unit.s  in- 
(  J'cas'js  greatiy  ai  sub-zero  temperatures.  Var- 
iatior';  m  !  ca'-lm.cc  and  resistmice  wlUi  teniper- 
aloi  c  t.i  i  .ine-  r.i'i'aler  at  iiiglier  frequencies, 
bow  l(  liincralin  I  s  result  in  two  favorable  effects: 
Itio  ci  i(  .11  iric  lirmilalown  vi)l'i;q',o  increases  and 
uie  oil  Ml  cuiiLiit  leakage  value.s  sliowanex- 
t  renie  d' ( I  ea.se.  h'torai'.e  of  electrolytic  capac- 
itor.s  a'  ti.'iiip'o.ilures  as  1<jw  as  -67  F  (-55  C) 
result,-  in  if)  ii'-rmanetit  liarm.  and  may  even  In- 
hili't  (!' I  i.  r  II ii'.d  i- 'll  due  to  agin|,, 

Mic  .i  t  .(|  , It  It'll  n  p"i  lor  ni  satisfactorily  at 
sul)-7er  I  I'-nip' ratui  es.  Capacitance  and  loss 
fact'll  iiialfiii.s  villi  t empi-ratu re  are  quite 
MU  all  .11  1 1  inpi-i  ilui  e.'i  doivn  In  -C7  I  (-55  C)  HikI 
IiiW'  t .  If  p'lUii'i,  cDnipdiMifls  ol  those  lyiies 
l.nu-;*  d  i'l  (  !  I  , It  lie  'll  niMbli  d  casing.':  cracl;,  or 


If  molds  split  under  thermal  shock,  relatively 
large  and  permanent  changes  in  capacitance  as 
well  as  a-c  losses  may  occur  if  moisture  enters 
the  affected  units. 

^  OU-lmprcgnated  paper  capacitors  function  well 
at  cold  temperatures.  As  ambient  temperatures 
areloweredfroro+77to  -67  F  (+25  to  -55  C)  and 
below,  a  general  reduction  In  capacitance  takes 
place,  although  this  property  may  show  a  slight 
increase  down  to  olwut  -4  F  (-20  C)  for  certain 
tynes  of  oils.  The  capacitance  reduction  from 
room  temperature  to  -67  F  (-55  C)  may  vary  5 
percent  for  mineral.oil  impregnants. 

Wax-lropregnatod  paper  capacitors  are  sub¬ 
ject  to  extensive  cracking  of  tlie  impregnate  be¬ 
low  -4  F  (20  C).  This  results  In  pormaiieut 
changes  In  c^acltance.  Insulation  retl.'’.t"4iro, 
and  a-c  losses,  especially  if  moisture  enteiD. 
In  general,  tlie  c^acltor’s  properties  become 
impaired,  with  the  dielectric  failing  ultimately. 

Air  capacitors  (including  vacuum  and  insert 
gas  types)  are  relatively  stable  with  respect  to 
capacitance  and  losses  as  temperatures  are 
varied.  In  some  Instances,  variable  types  may 
require  considerable  Increases  in  torque  to  ro¬ 
tate  the  movable  plates,  probably  as  a  result  cf 
improper  low  temperature  lubricants, 

"In  general,  high  temperatures  cause  decom¬ 
position  and  dielectric  failure  in  electrolytic  anti 
..^per  capacitors.  In  addition,  temperature  rises 
result  in  hicreased  d-c  leakage  current  in  elec¬ 
trolytic  capacitors.  ITils  causes  br.creased  heat¬ 
ing  and  diying  out  o4  the  electrolyte.  Itapid  fail¬ 
ure  of  the  capacitor  Inevitably  follows.  High 
temperatures  can  also  lead  either  to  rupture  of 
the  electrolyte  or  rupture  of  the  container,  both 
of  which  result  in  capacitor  failure.  Air  capa¬ 
citors  are  virtually  Immune  to  high  temperature 
effects,  while  variable  a‘r  capacitors  may  be 
allected  by  less  ol  lubricant  in  bearings  and 
shaft  seizure. 


Transformers.  Transformers  can  bo  cx- 
pectei3^o  operate  satisfactorily  over  the  tem¬ 
perature  range  of  +77  to  -67  F  (+25  to  -55  C), 
orovlded  precautions  have  been  taken  in  their 
design  to  prevent  mechanical  damage  due  to 
tl.ermal  contraction.  CoU  winding  resistance 
decreases  sharply  wlUx  decreasing  temperature. 
The  d-c  resistance  for  copper  wire  of  any  gauge 
at  -67  F  (-55  C)  Is  about  70  percent  of  its  value 
at  77  F  (25  C).  Cracking  of  potting  comjKnincia 
and  terminal  bushings  can  also  occur,  especial¬ 
ly  if  Uie  temperature  drops  rapidly. 


In  general,  high  temperatures  reduce  tfie  life 
of  a  transformer,  Insulation  deteriorates  and 
the  realslanco  of  Uic  windings  Incroascs,  ixis- 
sibly  resulting  In  diangcs  in  transformer  cliar- 
aclerfotlce. 


l-ilectruii  Tulies.  Low  tcnipcraturcs  liavc  no 
serious  effects  on  tubes.  Ilclow  32F  (0  C),  tube 
catiiode  liealing  time  takes  longer.  Also,  If  llie 


ct)!. jonscd-mcrcury  temperature  In  a  mercury- 
v;i|)or  rectifier  tube  is  below  U»e  minimum  value 
of  iheoperatirgrantte,  arc-back  call  occur.  This 
will  damage  Uie  tube.  Low  temperatures  can 
also  cause  ti.be  basing  cement  to  crack. 

High  temperatures  can  result  In  grid  emJs- 
/'li.on  and  release  of  gas  from  other  tube  elements. 
EleclroijiUic  of  Joartfi  coming  through  the  glass 
envei'.'pe  can  also  occur.  As  the  bulb  temper¬ 
ature  increases,  the  life  of  a  tube  la  markedly 
decreased.  Fi^re  3-2  ehows  average  life  test 
survivals  of  typical  tubes  as  a  function  of  bulb 
temperature./?/ 

Semiconductors.  In  general,  semiconductor 
devices  give  satisfactory  performance  at  sub¬ 
zero  tcmrtr..turc?.  Ctianges  from  room  tem- 
pt  raiuie  uporalicp.  can  be  readily  compensated 
for,  should  any  low-tomperafure  effect  be  un¬ 
desirable. 

As  tlic  temnerature  rises,  semiconductor  de¬ 
vices  become  increasingly  unreliable.  Transla- 
toi  b,  for  axarnple,  should  not  bo  operated  In  am¬ 
bient  temperatures  over  185  F  (65  C). 

Ot.'ter _ Elerironic,  Componenta.  Additional 

clcHiroiuc  c  jrnpVnonLs'incIuSe  terminal  boards, 
connectors,  V  ire,  sockets  and  pilot  lamps.  Low 
te!v.j.'crat>irc-i fi  I  not  normally  atfect  these  com- 
poiii’iit.s  seriously.  Possible  low -temperature 
cfi''i.ts  are;  (I)  phcnclic  sockets  may  crack, 
(2)  wire  requiring  the  .ibility  to  flex  may  ctiffen 
as  tlic  cold  .ijfecls  the  insulation,  and  (3)  con- 
nee  L’lr?  ma;  freeze  aj\d  become  difficult  to 
separate. 

Gennrrdly,  temperatures  adversely  af* 

feet  sockets,  terminal  Ixnrds,  connectors  aiU 


Fiu'n  T'’rTir'P^oiure 
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Uum'iO'i  ol  Life  Test,  tiours 

li:;.  2-2.  Averai’.e  life  test  survivals  of 
typu  al  lubes  vs  builj  teriiperatures./?/ 


the  Insulation  of  wires.  Unless  the  temperature 
Is  high  enough  to  softeu  the  glass,  pilot  lamps 
are  not  affected  by  high  temperatures. 

Slectromcchtinlcal  Components/S / 

Electromechanical  components  are  Items 
such  aa  relays,  magnetic  and  thermal  circuit 
breakers,  awUches,  electrical  indicating  In¬ 
struments  and  rotating  devices  (motors,  giner- 
ators,  dynamotors,  resolvers,  synchros,  gyros). 

Relays.  Relays  operated  under  cold  temper¬ 
ature  conditions  generally  perform  their  In¬ 
tended  functions,  provided  the  mechanical  prob- 
lenris  encountered  at  low  temperatures  are  taken 
tato  account.  The  decrease  In  winding  res*,stance 
tends  to  alter  relay  operating  chai  acterlstlca, 
partlculaiiy  11  small  or  critical  c.i:r-:r,Tt9  jire  - 
involved,  as  is  the  case  with  sensitive  rmays.' 
Allow  temperatures,  operating  (closing)  margins 
are  improved  and  nonoperating  (release)  margins 
are  impaired.  Variations  In  spring  stiffness 
raid  ma^etlc  properties  can  also  change  these 
characteristics.  Ice  formation  on  operating 
parts  and  contacts  can  cause  trouble  at  low  tem¬ 
peratures.  In  addition,  lurbicants  and  dashpot 
oils,  where  used,  tend  to  congeal. 

Magnetic  and  JThermal  Circuit  Breakers. 
Magnetic  circuit  bre’akera  with  sUlcone  olTdainp- 
Ing perform  well  at  sub-sero  temperatures.  As 
the  temperature  drops,  the  time  required  for 
the  breaker  to  trip  under  overload  or  short  cir¬ 
cuit  conditions  tends  to  increase.  Thermal  cir¬ 
cuit  breakers  are  affected  at  reduced  temper¬ 
atures  by  the  Increased  heat  transfer  away  from 
the  bimetallic  actuating  elements,  with  a  result¬ 
ant  change  In  operating  characteristics.  The 
tripping  time  at  temperatures  near  -67  F(-55  C) 
can  be  about  double  the  time  required  at  77  F 
(25  C)  for  a  given  overload  current. 

At  high  temperatures,  both  magnetic  and  ther¬ 
mal  circuit  breakers  trip  at  lower  currents  than 
at  room  temperature.  Thermal  circuit  breakers 
are  affected  more  by  high  temperature  than  are 
magnetic  types,... 

Switches.  Exposure  to  low  temperatures  can 
cause  the  molded  body  or  plastic  wafers  of  a 
switch  to  contract  and  thus  be  stressed  suffi¬ 
ciently  to  cause  cracking.  This  Is  especially 
true  in  the  proximity  of  attached  metal  parts, 
which  may  contract  more  severely  or  more 
rapidly  than  the  phenolic,  plastic  or  ceramic 
body  ol'  the  switch.  A  cracked  body  or  waioc 
.  may  allow  entrance  of  moisture  or  otlier  foreign 
matter  VJiat  can  cause  a  short  circuit.  Tlie  Bj)a- 
clng  ol  switch  contacts,  which  may  be  a  fraction 
of  an  incl>,  may  decrease  sufflcienUy  to  cause 
voltage  breakdown  or  corona. 

The  chemical  actions  to  which  switches  may 
be  subjected  are  accelerated  by  high  temper- 
aiures.  Reactions  tliat  take  place  slowly  at 
normal  temperatures,  may  take  j)laco  rapidly 
enough  at  high  temperatures  to  Impair  switch 
operation,  hiaulation  resistance  between  Uie 


Ewltcli  contacts  and  ground  may  be  thousands  of 
megohms  at  rewm  temperature;  but  at  elevated 
temperatures  it  may  decrease  to  as  low  as  1 
megohm.  AnotJier  effect  of  high  temperature  lb 
the  Increased  speed  of  corrosion  of  contacts  and 
switching  mechanisms.  Corrosion  or  expansion 
of  materials  at  high  temperatures  results  In  stuck 
toggles  or  jammed  detents. 

Electrical  indicatinfT  Instruments.  Moat  elec- 
trlcai  InBicating  instruments  operate  satlafactor- 
Uy  at  reduced  temperatures;  changes  in  indi¬ 
cation  may  be  less  than  10  percent  at  -67  F 
(-55  C).  Thermocouple  and  rectifier  type  meters 
norm  ally  have  Die  greatest  temperature  errors. 
Temperature  reduction  can  cause  meters  to  read 
Incorrectly  by  altering  the  properties  of  such 
basic  metp’’ .v»m'em''nt  parts  as  control  springs, 
magntU.,  and  coils,  as  well  as  range  .\nd  function¬ 
changing  accessories. 

Rotating  Devices.  Motors  and  dynamotors 
will  start  and  operate  satisfactorily  at  temper¬ 
atures  as  low  as  -67  F  (-55  C),  provided  lubri¬ 
cants  specially  developed  for  low  temperatures 
are  used.  In  general,  as  the  temperature  la 
decreased  from  +77  to  -67  F  (+25  to  -55  C),  the 
final  operating  speed  is  lowered  and  the  input 
power  increases  somewhat.  Generators  require 
greater  power  and  have  a  hif;her  voltage  output 
because  of  ttio  reduced  resistance  of  the  wind¬ 
ings.  Low  tenipcratures  change  the  electrical 
characteristic  i  of  resolvers,  synchros  and 
gyros,  with  tlic  most  important  effect  being  a 
decrease  in  r.>  ccracy. 

High  tomporat'.-res  cause  lubricants  to  creep, 
O'jre  or  evaporate,  leading  to  bearing  failure. 
Commelators  ?:id  slip  rings  deteriorate  more 
rapidly,  ami  windini;  resistance  increases,  low- 
erii':;  tiic  output  volla{;e  of  dynamotors  and  gen¬ 
erators.  Synciiros,  resolvers  and  gyros  ex¬ 
hibit  a  d'icre.  jP  in  accuracy.  In  general,  de- 
terinralioii  of  insulation  liriiigs  about  ultimate 
failure  C’f  all  rotalingdevices  from  an  electrical 
ppint  of  view. 

Mjvr tianicai  Components.  Mechanical  com- 
pnnfnV!riiitrii''e' items  such  as  pumps,  valves 
liydi.i  diC  r.'.d  pneumatic  actuators,  shock  and 
vilTj.u  jn  ih'.''la‘.oi  s,  etc. 

b'v  tcir.j,':  l  atures,  differential  contraction 
riisuiis  in  l)iii.i;nc.  fluid  le.akage  and  pump  and 
.utu.tt'i-  diffk  ulties.  Kntrapped  moisture  fre- 
ercs,  ''lor+onc  oiel ering  orif ices.  Stiffening  of 
vitii  itiDii  mounts  at  cold  temperatures  increases 
l.'icir  i.ilural  fi ftniency,  and  Iticreliy  reduces 
isoi.ri  'ii.  'Ill',  belinvlor  of  tties'’  comi>oneiit3  is 
grc.rly  iiitUifnced  hy  the  material  from  which 
Ui'jy  are  eoiistrueled  aiid  Die  type  of  lubricant 
used. 

Ifi!  '-.  ternpeiaUncs  sim ilarly  result  in  dlf- 
(i  r i-i,;  i.'d  i  fiiit  1  acti'jn.  Thi.s  causes  a  variety  of 
iTi.ilimKli"ns,  sutli  as  liinding  of  jiiovable  parts, 
ill'  ij*  ; ,  ( 1 11,  Ilf  j  o  i  II 1 1, ,  d  is  to  1 1  i  ji  1  of  as  sc  ill  bites  fU*vl 
ru|  I  Ji  e  of  S'  .ds.  Valve.'),  for  example,  may 
eil' ei  iiiii.'t  or  ii.ak.  f  uel  leakage  in  check, 
val-.  .  «,  l"K..st  puinj's  and  selector  valves,  nor¬ 


mally  aggravated  by  tlie  cyclical  use  of  fuels  ol 
different  aromaticity,  will  be  increased  at  ele¬ 
vated  temperatures. 


Temperature  Effects  on  Equlpmenta/3/ 

__  The  effects  of  temperahire  on  equipment  are 
dependent  mostly  on  the  components  comprising 
the  equipment.  However,  the  design  of  the  equlp- 
.  ment  determines  to  a  great  extent  the  temper¬ 
atures  Uiat  the  components  will  be  subjocied  to. 

—  In  electronic  equipment,  the  proximity  of 
heat  producing  components,  such  as  tubes, 
-transformers,  and  resistors.  In  confined  spaces 
imd  enclosures  raises  the  temperature  and  may 
-lead  to  malfunction  or  early  failure.  Tue  beat 
producing  components  themselves  tend,  to  oper¬ 
ate  hotter,  compounding  the  deleterious  cflcct 
high  temperatures. 

The  trend  toward  miniaturization  and  greater 
power  output  also  accentuates  heat  intensity 
problems  in  electronic  equipment.  Miniatur¬ 
ization,  with  Its  small  space  factor,  leads  to  au 
increased  concentration  of  thermal  energy. 
This  Is  particularly  true  since  the  total  elec¬ 
trical  power  dissipated  by  a  miniaturized  unit 
Is  usually  as  great  ns,  H  not  greater  tlian,  that 
dlsBlpated  by  an  equivalent  unit  of  conyentiunal 
construction. 

The  comblnod  effect  of  mlniati^rization  and 
Increased  power  output  has  been  to  increase 
heat  densities  of  subminiaturtzed  electronic 
equipment  to  from  0.5  to  3.0  watts  per  cubic 
Inch,  with  an  average  ol  about  1  watt  per  cubic 
inch.  Experience  has  shown  that  degradation  is 
likely  to  occur  when  the  heat  dissipating  sur¬ 
face  of  a  piece  of  equipment  Is  required  to  dis¬ 
sipate,  by  natural  means,  more  than  0.5  watt 
per  square  Inch  for  a  122  F  (50  C)  rise  in  tem¬ 
perature. 

Other  effects  of  high  and  low  temperatures 
on  equipments  are; 

1.  The  shock  and  vibration  environment  of 
shock  mounted  equipment  may  Increase  in  se¬ 
verity  due  to  rubber  shock  meunts  losing  their 
resilience. 

2.  Freezing  of  collected  water  may  cause 
equipment  to  malfunction  by  restrictJ.ng  the 
operation  of,  or  damaging,  gear  trains,  mechani- 
anismo,  controls,  etc. 

3.  Guns  may  freeze  and  bocon>o  inoperable, 
elUier  because  of  congealing  of  lubricants  or 
condensation  and  freezing  of  moisture  in  arma¬ 
ment  raechanlams. 

4.  Battery  operated  equipment  may  n.al- 
functiou  at  low  temperatures  due  to  reduced 
battery  output,  and  at  hlgli  temperatures  duo  to 
battery  dctcrlorallou  and  decoinposltlon. 

-  Equipment  miiy  malfunction  at  low  tem¬ 
peratures  clue  to  bhidliig  of  movable  p;uU». 
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T<.‘niiu‘ratur g  Effects  on  Guided  Missiles 

Till.-  Uicrmal  shock  of  KOlnp  from  a  rela¬ 
tively  low  grewnd  temperature  to  extremely  high 
temperatures  wlUiln  a  few  minutes  puts  tre¬ 
mendous  stress  on  guided  missiles,  buferen- 
tlaJ  expansions  and  binding  of  mechanical  parts, 
as  wcU  as  malfunctioning  of  metering  devices 
call  occur  quickly,  leading  to  system  failure. 
High  rarii-ai”  and  skin  temperatures  lead  to 
ccmpartineiil  lieatlng  and  constitute  tne  most 
critical  aspect  of  supersonic  flight.  The  In¬ 
crease  in  ram-alr  temperatures  with  flight 
speed  is  shown  in  Table  a-5.  From  the  figures 
in  this  iable  it  Is  apparent  that  ram  air  wlU  not 
be  a  suitable  moans  of  compartment  cooling. 
In  acUition,  compartment  temperatures  are  In¬ 
creased  to  dangerously  high  levels  be:au8eot 
the  tianbierieU  to  coiiipartments  from  the 
hot  skin  of  the  missile. /6/ 

Increased  flight  altitudes  also  increase  com- 
partiniT.t  licating.  The  etfecl  of-thls  increase 
innltilude  is  to  further  decrease  the  cooling  ef¬ 
fect  of  a  given  volume  of  air,  since  Uie  capacity 
of  air  to  absorti  heal  is  directly  proportional  to 
Uo  density.  The  order  of  magnitude  by  which 
the  lieal  aliGcrbiiig  capacity  of  au-  falls  off  with 
altitude  as  shown  in  Tuble  3-6. 


T  n-n.  IiR  rense  of  Ham-Air  Temperatures 
Witii  Fiii'ht  Spcbd/O/ 
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Compartment  heating  Is  also  Increased  by 
solar  radiation.  The  maximum  conupartment 
temperatures  In  guided  missiles  due  to  solar, 
radiation  will  depend  on  speed  and  al  titude.  For 
altitudes  below  100,000  feet,  the  effects  of  ra¬ 
diation  on  the  transient  temperature  distribution 
may  be  neglected  regardless  of  Mach  number, 
as  the  heat  flux  oue  to  radiation  is  never  more 
than  approximately  8  percent  of  that  due  to  con¬ 
vection.  For  alUludes  above  100,000  fee< ,  though, 
the  effects  of  radiatiun  should  be  taken  Into 
account. 

In  liquid-fuel  misRlles,  the  extramely  low 
temperatures  that  exist  ambient  to  liquid  oxygen 
or  liquid  hydrogen  lines  can  adversely  affect 
nearby  componeicls  and  equipment.  Temper¬ 
atures  as  low  as  -300  F  (-149  C)  may  be  en¬ 
countered. 


Temperature  Effects  on  Manned  Alrcrafi. 

Most  of  the  temperature  effects  on  manned 
aircraft  arise  from  the  effects  on  materials, 
_  components  and  equipments,  previously  discus¬ 
sed.  Additional  effects  are  described  In  the  fol¬ 
lowing  paragraphs.  Temperature  effects  on 
-Tiumans,  which  must  be  considered  for  mamied 
aircraft,  are  covered  later  in  this  chapter. 

High  Temperature  Ftfertfl.  High  temperature 
conditions  can  effect  virtually  every  system  and 
—part  In  an  aircraft.  Inaportant  high  temperature 
effects  arc  as  follows: 

—  1.  The  strength  of  most  aircraft  materials 
decreases  as  temperatures  Increase. 

^  2.  Differential  expansion  between  the  inte¬ 
rior  and  exterior  aircraft  sturcture  may  set  up 
reverse  thermal  stresses. 

3.  Hydraulic  systems  may  malfunction  due 
to  degradation  of  hydraulic  fluids, 

—  4.  If  too  much  heat  la  absorbed  by  aircraft 
fuel  as  a  result  of  aerodynamic  heating,  tlie 

^'vapor  pressure  of  the  fuel  may  exceed  ambient 
pressure  and  the  fuel  will  begin  to  boll,  result- 
~lng  In  the  loss  of  fuel, 

5.  Turbojet  and  alter  burner  performance  are 
adversely  affected  as  a  result  of  higher  inlet 
temperatures. 

C.  At  high  speeds,  aerodynamic  heating  be¬ 
comes  so  severe  that  ram-air  cooling  cannot 
be  used. 


Low  temperature Eflects.  Low  temperature  cl 
feels  on  manne^l  alrcr^f  include  the  following: 

1.  Hydraulic  systems  may  spring  leaks  due 
to dllferentia)  contraction.  Also,  hydraulic  sya- 
terns  car.  become  stiff  as  hydraulic  oil  ttilckens, 

2.  Moisture  may  freeze  In  pneumatic  sys¬ 
tems,  clogging  metorUig  orifices  and  lines. 

3.  Tlie  starting  of  reciprocating  engines  Is 
restricted  by  the  congealing  of  oil. 
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4,  Contamination  of  jet  fuel  can  result  from 
cyndensatlonfollcrwinR  a  chanf^e  In  temperature. 
Water  may  crystallize  out  at  0  F  {-18C)  and 
clo^  fuel  metering  passages. 

Temoerature  Effects  on  Satellites  and  Satellite 

VcHTcIe^Z 

There  are  two  types  of  temperature  environ¬ 
ments  en"""Jr^mcd  m  satellite  flight;  aerody- 
naniic  heating  and  radiation  heating.  The  first 
type  occurs  while  satellite  and  vehicle  are  mov¬ 
ing  from  the  ground  to  orbit,  Tlio  second  type 
is  encountered  during  orbital  movement  of  a 
satellite  at  altitudes  greater  than  200  miles. 

The  satellite  and  vehicle  travel  at  very  high 
speeds  to  reach  orbiting  velocity.  Ehiring  this 
acrodyn  <^iiic  heating  phase,  which  may  last  for 
two  or  more  minutes,  the  Induced  temoeratire 
is  of  prime  importtmee.  The  temperature  in¬ 
crease  creates  a  thermal  shock  that  results  In 
temperature  gradients  and  stresses  in  the  satel¬ 
lite  and  veliicle.  The  rkin  temperatures  for  this 
portion  of  flight  range  from  1700  to  2400  F 
(927  to  1335  C)  and  are  highly  dependent  upon 
liiG  altitude,  .speed  of  flight,  and  type  of  air  flow 
about  the  vclncle,  TurbuJont  flow  creates  tem¬ 
peratures  higher  ih'-.n  those  obtained  by  laminar 
iiov. .  Typical  variatic.ns  arc  shown  in  Fig.  3-3. 

Tiiu  temparaturc  shock  is  felt  directly  by  the 
shin  and  (..th'-r  er.lei-n<U  surfaces  such  as  ra- 
doniC'S.  The  shin-temperature  sliock  problem 
can  involve  a  change  ol  36  F  (20  C)  per  second 
lor  2  minutes.  The  interniU  equipment  does  not 
receive  tto  nainc  tcmiiorature  shock  since  it 
receives  Uic  temperature  change  over  a  longer 
period  due  to  tJic  lag  ui  tiiormal  transmission. 

Tlie  major  elfecl  of  tlic  high  temperabare  Is 
tu'  .rj.se  equipment  to  become  inoperative.  Elec¬ 
tronic  equipment  c'>n  cease  to  function.  Seals 
may  no',  .lea.  p.roperly  due  to  expansion.  Me- 
(.lianimd  nioviiii;  parts  may  expand  and  lose 
their  .strei’gtl’.  Trojicrtics  of  liquids  and  metals 
iiiar.gc,  ii tuaulic  fluid  may  evaiXji.de,  solder 
■nay  melt,  resi.sliuicc  oi  wire  will  increase,  and 
Uic  uropertn  5  of  magnetic  material  will  change. 

c'pa<  V^i:.-  I'JS  '9/ 

I  'l'  priiii  try  means  of  heal  exchange  Iielwecn 
atauui;  vctdei..  ;uid  its  eiivironnicnt  is  radiation. 
I'.tJiaiioi!  *;xvinuii;es,plu.s  any  internal  heat  gen¬ 
ie  .i-iu"..  thus,  dutcrniinc  Llic  _space  vehltlc’s 
iiitei n.d  ind  suriacc  tempera'  ires.  The  amount 
ol  rad..ilion  absorbed  liy  Uu  eliicie  dcpiends  on 
U’,'’  v.p.jLtral  al’-sorjit  ion  i  ..ai  acterislics  of  tliC 
.suii.K  c  iii.iteiial  while  Uie  amount  of  radiant 
•  m  iqy  (.'milled  depends  not  only  on  Uie  surface 
' . n;|'e;  aiut  e  liul  ;»iso  on  Uie  spectral  emission 
el  ar  II  tiTisiies  of  U;e  .surface.  The  aiisorptlvily 
tmd  '  iiiissivity  of  a  inaterial  depend  in  turn,  on 
the  w avclength  of  the  radiation  and  me  cliemltal 
and  mecliai'.aal  (  liarac  ter  ol  Uie  suriacc. 

']  he  al'soiqitivity  aiui  emissivlty  of  most  pol- 
ishe  1  nmlal  surfaces  iiu  reuse  approximately 
Imearly  v  iMi  li.nipcraiure,  ;uid  the  radiation 
eq  1  liiii'ium  lempei  alures  of  buefv  inaler  ials  are 


Fig.  3-3.  Turbulent  andlamlnar flow  tempera¬ 
ture  variations  as  functions  of  Mach  number. /8/ 

relatively  high.  Non-metals,  on  tlie  other  hand, 
often  exhibit  Uie  opposite  trend,  wUli  absorptivity 
and  emlsslvlty  decreasing  with  temperature. 
This  results  In  a  lower  radiation  equLiitrlum 
temperature.  The  absorptivity  and  emlssivity 
of  riyug  1  or  o.xldlzed  metal  surfaces  are  gener¬ 
ally  little  affected  by  the  temperature  tiie 
radiator. 


Reentry  Vehicles 

VshJclss  rssnt9rlii{!j  plsj^sts-ry 
are  subject  to  extreme  heating  due  to  friction 
betweea  the  atmosphere  and  the  skin  of  Uic-  ve¬ 
hicle.  Although  little  is  known  about  tlie  effect:; 
of  penetration  Into  other  planetary  atmospheres, 
Uie  effect  of  reentering  the  atmosphere  oi  Eai'Ui 
has  been  the  subject  of  considerable  study. 

Figure  5-4  shows  the  stagnation  temperature 
as  a  [unction  of  altitude  for  reentry  vehicles  of 
typical  ratios  of  mass  to  frontal  area,  witli  ap¬ 
proach  speeds  janglng  from  l0,00y  to  36,200 
lect  per  second.  The  latter  ligure  was  chusen 
as  a  limiting  case  because  It  represents  Uic  so 
called  "escape  velocity"  for  a  body  leaving  Uio 
EartJi,  The  stagna'.ion  temperature  refers  to 
Uie  temperature  at  the  extreme  lorward  part  of 
tlie  nose,  where  the  air  has  zero  velocity  re¬ 
lative  to  the  vehicle. /lO/ 

The  heat  at  tlie  reentry  vehicle  nose  is  su 
great  Uiat  the  nose  will  Lun.  up  unless:  (ly  it  is 
madeollieal  resistance  material,  (2)  11  is  coated 
to  absorli  Uie  heat,  (3)  it  is  dusii.m'-'d  aerody- 
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SHOCK  AND  VIBRATION 

AitJiougli  shock  and  vibration  are  olten  treated 
as  separate  and  distinct  phenomena,  tiie  dla- 
tinclion  between  the  two  is  not  clear  cut.  The 
difference  between  transient  shock  motion  and 
periodic  vibration  is  fairly  obvious,  but  the 
cxistonceof  any  basic  differences  between  shock 
and  ran  ion'  vib''ation,  which  is  not  periodic,  Is 
much  !os'  jbvious.  However,  shock  may  be 
considered  as  intermittent  excitation  and  vi¬ 
bration  as  sustained  excitation. 


Shodv/13/ 


Sliock  connotes  impact,  collision,  or  blow, 
usually  caused  by  physical  contact.  It  denotes  a 
rapid  cba.-it'e  i.f  load,  or  a  rapid  change  of  ac¬ 
celeration  with  a  resultant  cliange  of  load.  A 
stiock  tnolion  cannot  be  d<!fincd  iiy  assigning  nu¬ 
merical  values  to  establistied  parameters;  it 
car.  only  be  defined  by  descriljing  the  history  of 
a  sigrdficant  parameter  such  as  acceleration, 
veb-city  or  displaceii'.eiit. 


Stio<  k  oct  urs  wticn  a  structure  is  subjected 
in  a  t  uddenl'' applied iorce,  resulting  in  transient 
vibration  of  tJic-  structure  at  its  natural  frequen¬ 
cies.  Tl',0  niainiUude  of  tlie  vibration  may  be¬ 
come  Croat  enou!;ti  to  cause  fracturing  ofbrit- 
tle  inalerial  or  yielding  of  ductile  material.  A 
seconduiy  efirri  of  siiock  is  dial  iuige  accele¬ 
rations,  tliai  i  ctoristic  of  the  abrupt  changes 
assiuiaied  with  shock,  may  bo  transmitted  to 
equiiunciU  coid  components  suiiported  by  the 
slriJfturc. 


Vilo  a.llon  '13, 

Vilii  alion  is  an  oscillation  wtiorein  the  quan¬ 
tity  is  a  inu  ameler  Uial  defines  tlic  motion  of  a 
metiianicru.  '  s'em.  Vibration  has  also  been 
descrit  edas  tJie  Variation,  usually  with  time,  of 
the  m.irnit'.icie  of  a  quantity  with  respect  to  a 
spociiied  ruicrencc,  when  Uie  magnitude  is  al¬ 
ternately  gi  cater  ;uul  sm.xller  tiuui  tlie  relorcnce. 
Vil'i  .ition  may  lie  periodic,  iu  wliich  case  it  con¬ 
sist,  of  rnoiions  at  one  or  more  frequencies, 
wiHi  I'lC  nil", trill  at  eacli  irequency  l>eing  harmon¬ 
ic,  MI  i'  imv  bo  tauidom,  in  which  case  the  am¬ 
plitudes  and  var \ju;.  irccjueiicies  vary  randomly 
w  ith  ro.spcci  to  lime.  An  additional  type  of  vl- 
biation,  icrmt’d  wliite-iioise  vibration,  has  no 
del  Hied  i  r•■elll  lu  ii  s  of  iiir>lion,  I’lio  excitation 
fori  ".T  ihal  Cause  viljralioii  may  lx:  inccJianical 
in  11, dun.,  such  as  caused  by  a  reciprocating 
niMiion  or,  t.liey  may  Ijc  acoustic  in  nature,  such 
a.s  l  a.nse'd  bj  i  lk  Itei  engine  iioii-e. 


Al  I  elei  at  ii  'll 


a  structure  subjected  to  stoady-st->tB  accele¬ 
ration  is  not  considered  to  be  undergoing  shock. 

, .  Acoustics  „ 

Intense  acoustic  pressure  loads  arc  gouoratotl 

—  by  the  noise  from  turbojccts,  ramjets,  rock¬ 
et  engine's  and  aerodynamic  boundary  layers.  The 
high  levels  of  sound  Impinge  on  tJie  aircraft  skin, 

—  and  the  sound  energy  Is  converted  to  mechanical 
energy  that  can  eventually  reach  the  equipment 
In  the  form  of  vibration.  The  sound,  generall’" 
attenuated  when  It  reaches  the  equipment  com¬ 
partment,  can  also  Impinge  directly  on  tlie 

™equli>mai‘i.. 


At I'b'rut  i'),.  is  tiie  cliiuigc;  of  velocity,  or  ttie 
r.Ur  Ml  (li.iii,;c  v.  itli  regard  to  eiOier  Speed  or 
direrliiin,  mi  bilh,  Wiielher di.splacement, velo¬ 
city  MI  aci.  eler.uiuii  Is  used  In  defining  shock, 
tin:  111  pill  .'t inii  Mi  a  reialively  sudden  diange  in 
ai  I .  lei  at  ion  i.s  alwayH  present.  Aeccicrailon  by 
it:.' 11  d'"‘s  ml  t  Mnstitiiie  Biiock,  For  example, 


Transportation 

All  or  part  ot  every  weapon  system  is  trans¬ 
ported  at  some  lime  during  its  life.  The  shocits 
and  vibrations  to  be  expected  during  transpor¬ 
tation  vary,  depending  Ufxin  the  type  of  carrier, 
and  are  discussed  In  thu  following  paragraphii. 


j  '\jt  "j*  r ' 
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"'0^'  SpMd  Roofl*,  fnp*. 


Fif;.  3--?J,  Total  ni  average  number  oi  veitlcal, 
InncUuiiinal  and  lateral  shocks  per  1  000  miles 
O',  travt  l  nieabured  nn  freight  car  floe  r,/l4/ 


0  ::  -  n  g  IQ  12;  |/(  IQ  10  20  22 

I  "net  Snerd,  mph 


I  .  .  '-I'l.  Iiiipau  siJt.'LCl  durmi;  freight  car 
s.'.  'ihiii;  '  14,1  fi/  (From  ASMI5 

piiPM  ■  -  41 , 1 '  lurtesy  o[  J  .M.  fUiocin  and 

jiio'  )  n  ,ij'.  SoLic'.}  )1  Meclianiial  linguiecrn) 


1  re  1 1  .iii'i.  ii  U  Vil'i’ai  ion  f rciqiieni  ies  in 
-.I  'l.:;  arc  ilcpnniti-nl  upon  the  natura^k 
1  )■'  I  oi  ti|,_  uiisin  unr,  nia  tT,  on  Llie  lii  e.s, 

ilio  n;.'.  ::.il  fi‘  lOMiry  of  tlie  spriiift  system,  aiid 
Uie  ii.il  u.J  1 '  >  qi  eiu- 1 ('H  (jf  tin  lx;dy  structure, 
f'ti''  li'i  'I'ln  ,in;pl  it  id(?s  ari  deyiendent  upon 


Impact  Speed, mph 


Fig.  3-11.  Maximum  horizontal  acceler- 
-  ations  of  freight  car  body  vs  switching 
Impact  Bpeed./l4/ 


road  conditions  and  the  speed  of  travel.  Inter¬ 
mittent  road  shoctes  of  high  magnitude  can  occur, 
will  resultant  extreme  body  displaceraents. 
These  large  displacements  may  result  In  a  se¬ 
vere  shock  environment  for  unlashed  cargo  as 
It  bounces  about  the  truck  floor.  Vibrations  due 
to  the  truck  engine  ard  transmission  system  are 
relatively  Lnsignlllcant  in  the  cargo  area./l3/ 
Figure  3-8  shows  measured  vibration  data  lor 
truck  transpoi't. 

Rail  transport./M/  Vibrations  in  moving 
Irei^t  cars  arise  from  track  and  wheel  ir¬ 
regularities.  and  occur  principally  In  the  lateral 
and  vertical  directions.  Shock  data  obtained 
from  an  instrumented,  moving  railroad  car 
loaded  In  excess  of  27,900  pounds  are  shown  In 
Fig.  3-9.  The  frequencies  concurrent  with  each 
shock  were  not  determined;  however,  foi  the 
shocks  analysed.  Uie  pulse  duration  varied  from 
about  10  to 50  milliseconds,  and  the  predominant 
shock-excited  vibrations  occurred  in  the  30-  to 
90-cpE  range.  Very  few  steady  vibrations  as 
large  as  0.25  g,  zero-to-peak,  were  observed. 

Shock  and  translcait  vibrations  during  coup¬ 
ling  and  during  starting  and  stopping  are  gener¬ 
ally  cop.sldered  to  be  the  most  damaging  phases 
of  rail  shipment.  Figure  3-10  shows  Uie  velocily 
of  Impact  during  switching  operations  taken  from 
a  reiireBcnlative  number  oi  railroad  yard  oper- 
alioTis.  It  should  be  noted  that  tlie  mean  speed 
of  Impact  Is  7  mph,  which  Is  well  above  the  ap¬ 
proximate  5  mph  limit  for  v/hlch  Uie  switching 
gear  provides  cushioning  protection.  Longitud¬ 
inal  accelerations  of  a  freiglit  car  b^y  that  can 
be  expected  for  Impact  spe^s  of  1  to  7  mph  are 
shown  In  Fig.  3-11. 

Air  tranBp<jrt./l3/  In  air  transport  as  in  all 
otlier  modes  of  transportation,  Uie  shocks  en¬ 
countered  in  handling,  loading  and  unloading 
niust  be  cotisiUercd,  Figure  3-12  sliows  Uie 
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A-Clevolond 

B-8uffQlo 

C-Nev*  York 

D-Nsviarh 

E-Bridqeport 

F-HorHord 

G-Bo»ton 


H  -Deiroli 
J  '  Erie 
K  -  Columbus 
L  -  Doyion 
M-  Cincinnati 
N  -  Mansfield 
Sn-In  flight 
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I'ilj.  3-12.  Shocks  recorded  djrii^j  airline  teat  shipment./lS/ 


mr'ximum  iijc-ks  rucordod  during  a  test  ship- 
in'. Ill  by  a  niajor  nit-lint'.  Two  impact  recorders 
wni  o  placed  in  a  wood'jn  Ixix  (having  73  pounds 
l  jt.al  sscighO  wid  tJoUi  longitudinal  and  vertical  .- 
sh  I'.'u.s  were  recorded.  It  Is  evident  that  the 
most  severe  slioeits  recorded  arose  from  hand¬ 
ling. 

■‘■Iiip  T ran.'^i)' irt./' 4/  The  principal  excitation  -- 
ii^it  t  ■»  Mti  r'lii^fS  V  iij  r  at  Km  13  result  from  the 
.'.■.iiip/s  .slructui-c  interfering  with  tlie  flow  of 
v.ater  frc'ii  tlie  pi'iiiellei s,  and  from  imbalance 
oi  mis.Uip.iinuTit  of  the  propeller  .shaft  system, 

T1  c  nuiX’inuin  fr(.'r4ucnty  for  which  vibrations  „ 
III'*.*  -*C'  red  irnport.int  is  atxiut  1200  cycles 

p'  l  ir.i-iute  lor  a  typicjil  modern  siiip.  Excop-  ^ 
ti'ins  tna  v  ot  cur  fur  sim'dler  ships  and  modern 
su  voai  incs.  I  ..-ith  of  which  may  liave  greater  _ 
up;-' I  limits.  Vibration  amplitude  versus  fre- 
data  lierived  fruni  re|)rcscntalive  ships 
ai'  s'.uiwn  in  i  ig.  3-13.  All  points  In  Uic  lllus- 
tr,i',i-'n  rcpi'L.srn'  motions  of  Uie  ship’s  slrcoture 
...I'l  iM'l  ul  t 'i’ii|imenl  niounled  on  Uie  ships. 

T  n  b'lje*  Aim  ,dl 

I  lie  slioeks  and  vibrations  tncounlerea 
tiii;-’ji,  l  ail  L  I  aft  in  flight  arise  from  many 
.-.i  iiv'  .some  of  which  ai  e; 

1 .  II  ii:!'  'init'ne.il;-  noise. 

'oil-.g.ions  of  eng.inc-  IhruKl, 

I.  T'l  I  bine  "t  lnii;i:iii;;." 


frfgutr.  cy  CP* 


I'  fg.  3-13.  Vertical  and  atliwartsliip  hull  and 
deck  vibrations  for  shliis./H/ 


4,  Imhalaiice  of  sphinlng  componenls. 

5.  Aerodynamic  forces  arising  Iroin  gusts, 
wind  shear,  turbulence,  etc. 
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Relofive  Noiss  Leva',  db  Relative  N  jisj  Level,  db 


■  ii V.  i"  V  j.  "  >  ■-  '' 


Vi  ■ 


Overall  37.5  75  ISO  300  600 12O0  4800 

75  (  50  300  600  1 200  2400  9600 

Octave  Barvds,  cps 


Fit:,  r  li.  ExLoraal  spectra  for  near  field 
jet  noise  relative  to  overall  noise./  16/ 


Overall  3?5  7S  150  300  600  1200  4800 

75  150  300  6C0 1200  2400  9600 

Octave  Bands, cps 


Fir.  3-13.  liilernal  spetlra  for  jet  noise  In 
uiiiroale'l  v'.>'  jrrlincnls  relative  to  overall 


L.  addiOoi,  cluruiv  taxiiiif;  and  landing  alr- 
ci  .J'  exi  erl'.-in  e  .shock  loads  and  transient  v*- 
I'rali'ns,  Hi  -Ar'.  er,  ll.cs'j  vilirations  are  at  dif- 
fi.Tcnt  irr'ic.-'in’i's  from  tho.se  experienced 
duri;-.  ■,  (l':':'it.  13.’ 

ih'  '■‘^e.  ]"/  An  i in|)ort;inl  consideration 
in  j' er.vi rannients  is  wiioUier  the  sound 
si'  *ri.7iini  i.s  '.';ci:rete  or  continuous.  A  discrete 
KiT'Lii  uni  has  r  hara'-teri.stic.s  such  that  the  time 
lu.jlwi  y  ol  .S'ond  f'ui.  luations  is  periodic  and 
thi.  r-  ‘I'M  r  t  an  N- an.ilvzed  iiy  inethocLs  of  Fourier 
sei  i'js.  I.’'’!.'"  ju-ndjccd  by  a  spinniii);  propeller 
util-  iipi.s'i  1 1  (111  iiily  nu't  ex.'.niple  ol  a  discrete 
sp'n  ti'Min. 

If  the  linn  lii.ntf)ry  of  sound  pressures  is 
apnri  •'lie,  Um  In  iinctiry  analysis  i.s  sometimes 
i')ss!')ln  by  li'jc  111  the  I'cmrier  Integral.  Tl'O 
I'lin  1 1  .11 1 1(  f'l  i',|  ii'iu  y  re.sullin)',  1  rom  lliis  analysis 
nia>  t'<-  (  onli  1)  I'lU.i  over  a  wide  liand  ol  irequen- 
i  !' .s.  II  it  is,  the  s'liind  .spei drum  is  said  to  be 
lontnuunis.  J.oisn  prorluced  by  a  Jet  or  rocket 


10,000  100,000 

Thrust,  lbs 


Fig.  3-16.  Trend  of  external  overall 
levels  of  Jet  and  rocket  noise./ 17/ 

enKlne  is  frequently  of  the  continuous  spectrum 
type.  Continuous  and  discrete  noise  spectra  may 
exist  simultaneously,  as  well  as  Individually. 

A  continuous  spectrum  type  of  noise  for  both 
let  and  rocket  engines  Is  shown  Iti  Fig.  3-14, 
The  method  of  presenting  tlie  spectrum  differs 
considerably  from  that  used  for  the  discrete 
spectrum  type.  Noise  in  specific  octave  fre¬ 
quency  bands  Is  plotted  relative  to  the  overall 
noise  level  that  would  be  obtained  If  the  noise 
wa-s  passed  through  a  37.5-  to  9600-cpB  filter. 
The  range  of  octave  Ie\'els  in  the  illustration 
was  obtained  from  measurements  of  Jet  and 
rocket  engine  noise.  The  changes  in  the  spec¬ 
trum  due  to  passage  of  the  sound  tlwough  an  ordl- 
nary  fuselage  wall  is  shown  In  Fig.  3-15.  K  is 

U^SUTTlvd  th^t.  th9  •a/all  na«  nui 

treated  with  soundproofing  or  other  insulation. 

Figure  3- If  shows  the  trend  of  the  overall 
noise  level  \  ilh  increasing  thrust  as  well  as 
with  Increasing  distance  from  the  let  strestm. 
'ITie  range  is  from  about  140  to  180  db.  The 
same  trend  of  overall  noise  level  alter  the  sound 
-has  passed  through  a  typical  fuselage  wall  is 
shown  In  Fig.  3-17.  This  Illustration  gives  typ¬ 
ical  sound  levels  encountered  near  equipment 
or  structural  components  on  tlie  Interior  of  the 
flying  vehicle. 

The  noise  characteristics  ol  selected  let  air¬ 
craft  are  shown  in  Figs,  3-18  througn  3-21. 
Similar  data  for  inanv  other  Jet  aircraft  aro 
t»nlabicd  in  referencc/17/. 

'  Jet  Alrcr^t  yioration.  AlUiough  all  Jet  alr- 
craftare  subject  to  vibration,  U>e  amplitude  and 
frequency  of  tlie  vibrations  depen''  'i|X)n  Llie  type 
ol  aircraft  and  tlie  particular  location  on  Uie 
aircraft.  Charts  3-1  thrtajgli  3-4,  located  at  tho 
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Fip..  3-17.  Trrnd  nf  internal  overall  jet  and 
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end  of  this  chapter,  sliow  the  vibration  environ¬ 
ment  at  various  locatioua  on  t’irboprop  trans- 
ports.  Jet  bombers,  centu^  Jet  fighters,  and 
hellcoptersp  respectively.  The  charts  incllcate 
the  number  of  occurreuces  of  freQuenry-Eitipll- 
tude combinations.  Upon  request,  vibration  data 
for  many  more  locations  as  well  as  for  addition¬ 
al  types  of  aircraft  are  available  from; 


Environmental  Division 

Engineering  Test  Directorate 

Deputy  lor  Test  and  Support 

Aeronautical  Systems  Division 

Air  Research  and  Development  Command 

U.S.  Air  Force 

Wrlght-Patterson  Air  Force  Dane,  Ohio 


Vibration  data  covering  Jet  engines  J-40, 
J-47,  J-71,  J-75,  and  J-79;  lurbo-Jct  engines 
T-.14,  T-40,  T-49andT-56;  and  jet  target  drones 
Q-2  and  Q-4  arc  also  available. 

M1b8I1cb/18/ 

Throughout  tlielr  operational  life,  tnlssUes 
are  subjected  to  shock  and  vibration  loads  duo 
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to  noiso,  Ihr  ..I  ajicl  aerodynamic  disturbances, 
and  e.Mruiii'j  (.baia;ca  in  accelerations,  effective 
(.;rav j'.idon.U  forces,  density  and  temperature. 
/;'.).  I'lLTurcs  3-22  Lliniuah  3-^4  arc  Bclected 
•.r.ai  iiilos  of  s.’.ock  and  vibration  data  obtained 
fr'.iiii  r u.straiiiecl  firiii;;s  and  Irce-ffi^'bt  tests  of 
Ibc  loll'.’V,' I'lr  i”.issilc's; 


7?'’'.rr;e.rc 
Corn'ira.l 
I'  iiic  on 
Matador 
N  il;c’ 


ilascal 

HcfniJus 

Snarl; 

T  alos 
Terrier 


Tor  s'.'i  xo  i'.y  reasons,  tltu  data  presentwi  in 
Tir.s,  3-22  Uu o’lUidi  3-24  arc  nut  associated  with 
.SI  '-',  ifi'.:  niissib's.  .'.Tore  complete  missile  shock 
ano  vi’uation  laL.i  rfic  coiit.uncd  in  reference 
1' 

OiJ  ibil  -UKi  Tii.k  c  Vcliic'les 

Il.c  slioLl;  and  vibration  Ciivironments  of  or- 
liit..l  ,i;',d  sp.u  L  v>  liich  r;  have  not  been  confirmed 


due  to  the  llralted  number  of  operational  expe¬ 
riences.  The  following,  however,  axe  considered 
reasonable  limits  lor  these  environments: 


Vibration 


Boost  phase  0.2-lnci)  double  amplitude 
from  5  to  55  cps 

Sustained  flight  from  55  to  ZOCOcpsiS  g 


Engine  ignition, 
cutoff  and  stage 
separation 

Soft  landlr^E 

Acceleration  or 
deceleradon 


Acoustics 


Shock 

0  to  200  g  for  one 
millisecond 


15  g  for  11  mlllfseconds 

0  to  7  g  durbig  boost 
phases,  and  0  to  100 
during  reentry  to  Eartii’o 
atmosphere 

0  to  190  db  from  37  to 
10,000  cps 


MAvinvm  OrtroH  S»«*A4!  Prtiiuri 

L«r«l  *)0A9  Aaqi*  of  Moalmum 

PetfloliM  m\V..  Minimum  Atf«nv4t1flO 
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of  B-52  aircraft./ 17/ 
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Fig.  3-22.  Vibration  characteristics  of  four 
oporalionai  missLlcs  during  sustained  flight 
after  boost./lh/ 
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Filer '. .-i  a-’d  Viliration 

Til':  r.eiin'al  cifcct.s  of  stiock  and  vibration, 
toj'.ctJ:'.!'  -AiiV;  ai  <  ■jicratimi  and  acoustics,  are 
Ktnj'i'iiiu  disli/fbantcs  (Figs.  3-25  iin<1.3-26). 

I  he  r‘  sjionsc  li  ;.  .slriictun;  to  stiocks  and  vl- 
Ijratimis  is  di'pi'iKjcnt  not  only  uj^m  Liic  magni¬ 
tude  (ji  Uii'  but  also  U[x)n  tlie  dv- 

nioiiu:  ctiai'aci ci'istics  of  tlic  structure  itself, 
A.i  i:i'|iiii;ed  vilii  atinn  of  the  same  Irequcncy  as 
thciiiduj  al  fr(''i')('n(y  of  a  structure  even  though 
.Small  ill  runpLiUKic,  rnay  be  very  uestructlvc  to 
tlic  :  tr'-utui-'',  v.liilc  a  different  trcqiicncy,  even 
tliourj:  cf  ni''.d'’r  anipiitudc,  may  cause  no 
trnul'l'S 

Disturl'am  cs  ciim  cause  iiropresslvc  dctc- 
riuia'iiti,  .'dice  i inpri>iierly  dc.sij;nod  struc- 
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Cyflas  per  Second 

Fig.  3-24.  Mean-squared  acceleration  den¬ 
sity  plots  for  three  operational  missiles,/ 18/ 
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Fig.  3-25.  Vibration  and  flutter  damage  to 
elevator  ol  F-8CH  Jet  fighter. 


tures  and  components  subjected  to  recurrent 
shocks  and  vibrations  can  eventually  fall  because 
of  fatigue.  Material  or  parts  /allures  result 
/rom  mechanical  stresses  Imposed  wltiiln  tlie 
material.  Failure  can  occur  cither  througli  fa¬ 
tigue,  excessive  single  stress,  or  excessive 
deflection.  Although  fatigue  failure  usually  Im- 
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T  iiT.  3-kw.  i'l  skid  pf  Cilick^l 

fu.scK'ir,-:-  '.  ausud  by  viljiation. 

plies  a  lari^c  ntimbor  of  stress  cycles,  the  time 
rcqaiiou  for  ii:e.sc  fclrcfasc's  to  accumulate  Is 
sliori  V,  l;cn  u  conipo/ionl  is  vibrating  at  hundreds 
of  cycles  per  second,  Kveessivo  sinfile  stress 
may  (aose  bracla/ts  or  Other  supportine  struc¬ 
tures  to  vie'  '  or  fraclu/  L".  Excessive  deflect¬ 
ions  ol  parts  may  result  in  tlieir  hitting  one 
anoll.cr  '.vith  hi;:!i  impacts,  leading  to  failure. 

T\p I’S  (..'f  Sliock  and  Vibr: i lion  Damage 

Tile  V  eapon  system  designer  can  gain  con¬ 
siderable  inr.i;-!,!  into  L'lc  shock  and  vibration 
problem  from  summaries  of  shock  and  vibration 
damage  to  typical  structures  and  cornponeiits, 
FolJ'  uing  is  sonic  data  taken  from  one  series 
of  Icsis.  T9-' 

Cabirii't  and  Frame  Stiaicturog.  Among  some 
200  cq  lii'ment.  cabinet  and  frame'  etrurtnrea 
sui'.jiAicd  to  shoe!;  ami  vibration  ttiere  were  30 
pcriii.LTR'in  tiefornialions,  17  fractures  in  areas 
of  stress  c in  <  nti ation,  2  fractures  at  no  a|)- 
pareiit  stress  concentration,  23  fractures  In  or 
ir  velds,  and  2G  miscellaneous, undefined 
fa’  tui  (’s. 

Clepsis.  Nearly  300  chassis  subjected  to 
stiocK  and  vibration  rcSulicd  in  13  permanent 
d(  for iiiatiens,  0  Iraclures  in  or  near  welds,  9 
fractures  at  no  apparent  stress  concentrations, 
‘Sfi  li.icturvs  at  points  of  stress  concentration 
and  1,’  rniscell aiicous  f allures. 


Catliodc-ray  Tubes.  In  general,  shock  and 
viliration  damages  catliode-ray  tubes  U  they 
are  Improperly  mounted  arid  Inadequately  sup-, 
ported.  Tubes  with  screens  larger  than  five 
Inches  are  especially  eusceptible.  Of  31  ca~ 
tliode-ray  tubes  subjected  to  shock  and  vibra¬ 
tion,  1  tube  had  tlie  cleflectlcm  plates  become 
deformed,  another  had  a  fUanient  failure,  5 
suffered  envelope  fractures,  and  1  had  the  glass- 
socket-aeal  break. 

Meters  and  Indlcatoy.  The  movlng-coU 
type  of  meter  represented  the  majority  of  units 
In  tills  category.  Other  Indicators  were  Bourdon 
tubes  and  drlve-tvoe  synchros.  Of  the  latter 
group  most  of  the  failures  were  either  erratic 
performance  or  zero  shift  difficulties. 

Nearly  200  units  were  subjected  to  shock  and 
vibration.  Two  suffered  permanent  uufcvmntion. 
of  the  case.  1  had  elements  loosened,  12  gave 
erratic  readings,  1  had  the  glass  face  fractured, 
2  developed  internal  open  circuits,  2  had  loose 
or  damaged  pivots,  3  had  the  pointers  deformed, 
and  10  others  failed  from  miscellaneous  causes. 

Relays.  Relays  present  a  problem  for  dy- 
namlc  conditions  because  of  the  difficulty  In 
balancing  all  of  the  mechanical  moments.  Shock 
generally  causes  failure  In  the  form  of  the  ar- 
.. mature  falling  to  hold  during  the  shock. 

YJaJtsg  rclsys  to 

shock  and  vibration.  Armature  difficulties  ac¬ 
counted  for  29  defects,  4  relays  had  contacts 
.^fuse  or  burn  because  of  arcing,  1  had  tlie  coU 
loosened  on  the  pole  piece,  2  had  the  springs 
disengage  from  the  armature,  and  there  were  4 
-miscellaneous  defects. 

Wiring.  Wiring  failure  as  a  result  of  shock 
-and  vibration  is  a  serious  problem.  A  defect 
not  only  results  In  malfunctioning  of  the  equip¬ 
ment,  but  it  is  difficult  to  locate  for  repair.  In 
'  a  number  of  equipments  subjected  to  shock  and 
vibration  the  failures  were  as  follows;  10  cold 
.  solder  joints  opened,  14  lead-supported  com- 
~ponent8  had  the  leads  fall,  Insufficient  clearance 
caused  3  cases  of  arcing,  and  Insufficient  slack 
caused  9  lead  failures,  hi  addition,  3  plastic 
cable  clamps  fracture«l,  14  soldered  Jotots  cr 
connections  failed,  16  solid  conductor  wires 
~broke,  and  there  were  92  miscellaneous  fall- 
ures. 

Tran8formcrs./20/  Transformers  are  pro- 
'taolythe  heaviest  and  densest  components  found 
on  an  electronic  chassis.  Because  of  the  wclg.it 
and  size  of  transformers,  shock  and  vibration 
is  more  likely  to  produce  niochanlcal  lallures 
rather  tliiui  v..vctrlcal  fatlurcc.  While  i.et  all 
mechanical  failures  immediately  prevent  the 
transformer  from  functioning  properly,  they 
eventually  result  In  destruction  of  the  transfor¬ 
mer  and  damage  to  surrounding  components. 

Thirty  transformers  were  subjected  to  shock 
and  vibration.  17  had  tlie  mounting  studs  break 
at  the  weld,  4  had  the  bottom  frame  fall,  and  2 
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sufforod  broken  Internal  leads  Juo  to  motion  ol 
U;e  core  in  Uie  cate. 

Suiiiniary/2l/ 

The  major  failures  caused  by  shock,  vibra- 
tlop,  acceleration  ar,d  acoustics  are  fatl^e  fail¬ 
ures  of  .  ovinlinr  bases;  Iboscning  of  fasteners; 
oflcUlation  ot  instrumeni  Indicators;  erratic 
operation  of  vacuum  tubes;  bouncing  of  motor  and 
genei  ator  brushes;  sticking  of  relays,  switches 
and  valves;  misalignment  of  optical  equipment; 
and  fracturing  of  propellant,  penuniatic,  and 
hydraulic  lines. 


MOISTURE  ,/?2/ 

Moisture  is  a  .somewhat  all  Inclusive  term 
used  for  humidity  as  well  as  various  forms  of 
condensation  andpreclpilalion.  More  specifical¬ 
ly,  moisture  is  liquid,  gencr.ally  water,  diffused 
or  condensed  in  relatively  small  quaiititi 'S. 
Water  in  tlic  form  of  vapor  is  always  present 
in  varying  amounts  in  the  atmosphere  surround¬ 
ing  Uic  Earth.  The  vapor  content  in  Uie  atmos¬ 
phere  IS  referred  in  as  humidity.  When  the  tem¬ 
perature  of  t)io  air  i.s  reduced  to,  or  below,  the 
dewp'>:nt,  condensation  occurs.  In  general,  dew 
furniatinii  takes  place  wlion  the  .surface  tem¬ 
perature  is  a’.xive  32  l’(OC).  If  the  temperature 
is  bel'  w-  32  E,  condensation  talces  place  In  the 
form  of  frost.  Ln  .soiue  '  iises,  Supoicooleu  air 
droplets  viLl  foi  :n  which  later  freeze  to  form 
ice. 

Hr  at  h'ss  from  radiation  may  cause  suf- 
f'cit'nt  cool'.ng  fer  tlic  fonnalion  of  dew.  Such 
cooling  normally  ot  curs  at  night,  but  it  may 
occur  at  any  tiico.  It  is  not  necessary  to  reduce 
tlto  lempcr.iture  of  tiic  entire  air  mass  to  the 
dew  poi'H  ]).  id.n  e  condensation.  Condensa¬ 
tion  c.ui  frequL'r.Uy  be  indicod  in  aircraft  com- 
par’.m''nii,  by  meremonl  of  Itio  vehicle  Irom  one 
tdtiLUdc  to  atmti  .,r.  The  colder  upper  altitudes 
lowar  ih<  air  tmeperalure  v  iUiin  the  aircraft 

•  .1  .  .....  1  ~  i  1  ..  \xr\ 

lliri,  U  l.’HJ  '111  J  1  Lriaii  V  Ci.  V  v.*m* 

cooieu  su;!  icfeuitly  to  cause  moisture  to  condense 
upor  t..o  stiot'oiro  and  e  juipmont  within  the 
coiiH):!  -tit. 

FIft  m  .  'f  ’.b  ';^ure 

.Moisture  I.'.s  :i  deleterious  ci'''’et  on  most 
bH:ii;s,  .uid  in  u'ltiiiion,  fosters  microbiological 
gror,  t)' and  r.ab.  aiiic  action  in  dissimilar  metals. 
Mif  I' i''>i  )1 -I'-.u  al  i,to\vtlj  and  (pilvanic  action  may 
be  ti'riii''d  Pypii  ..Kict.s  uf  inoLsturo'. 

Micro  >:  u  uH'oiis.  4  * 

Mu.'  I  ir.icrubmbjgical  forms  have  an  optimum 
I  ocT  uturc  in  llic  r:ini;o  of  59  to  95  E'  (15  to 
.ililiu'.ir.li  Uicrc  arc  .soni"  forms  that  will 


*(IT  Mil  F'Uei  I  nation  of  Materials  --  Causes 
and  I' l  i viitive  1  c;  liinq'.pe.s,  i'y  Glenn  A,  Great- 
houso  .iiui  C  arl  J.'Tt.  ossel,  courtesy  of  Ueinliold 
Publi-'-'iing  Corporation,  Ifook  Ilivision, 


^grow  at  nearly  32  F  and  others  that  will  grow  at 
very  high  temperatures.  The  average  optimum 
for  fungi  Is  In  the  vicinity  of  86  F  (30  C)  when 
Telatlve  humidity  le  95  to  100  percent. 

Relative  humidity  le  important  In  determining 
the  growth  of  fungi.  Beiow  70  percent  relative 
humidity  there  is  little  opportunity  for  fungal 
-growth.  Many  forms  will  grow  fairly  well  at  80 
to  95  percent  relative  humidity,  whereas  at  re¬ 
lative  humidities  above  95  percent,  fungi  flour¬ 
ish  abundantly.  Optimum  temperature  for  max¬ 
imum  fungal  growUi  in  a  neaiTy  saturated  at¬ 
mosphere  is  near  100  F  (38  C). 

The  moisture  content  of  the  materiu’  pt- 
tacked  is  Important  in  determining  the  extent 
of  the  attack.  In  general,  wood  contaliiu<p:  leas 
than  20  percent  moisture  Is  not  attacked  by 
fungi.  However,  a  difference  of  a  few  percent 
in  moisture  may  determine  whether  a  given 
species  may  grow  or  not.  For  example,  one 
particular  wood-sialnlng  fungus  does  not  grow 
in  pine  wood  with  a  mol^ure  content  of  23  per¬ 
cent  but  develops  in  wood  ccxitaining  24.5  per¬ 
cent. 


Beyond  high  relative  humidity  and  suitable 
temperature,  the  only  additional  requirement 
for  fimgl  to  thrive  is  abundant  food.  This  is 
supplied  In  large  amounts  by  a  great  variety  of 
organic  materials  produced  by  vegetation.  Many 
Items  of  equipment,  as  well  as  clothing,  shoes, 
books,  foods,  and  other  items,  are  composed  of 
organic  materials.  Textiles,  cordage,  leather, 
wood,  paper,  paints  and  varnishes,  aoneslves, 
plastics,  resins,  rubber  and  waxes  are  for  the 
most  part  composed  of  organic  materials  and 
are  thus  susceptible  to  attack  by  micro-  organ¬ 
isms.  Furthermore,  damage  Is  not  limited  to 
organics  alono,  but  extends  to  inorganic  ma¬ 
terials  such  as  metals,  cements  and  plasters, 
clay  products,  glass,  stone  and  various  others. 


Galvanic  Action/2 3/ 

Every  metal  has  a  certain  Inherent  elec¬ 
trical  potential.  When  one  metal  is  placed  In 
contact  willi  a  metal  of  a  different  potential  In 
the  presence  of  moisture  and  an  electrolyte,  gal¬ 
vanic  action  occurs  whereby  an  electrochemical 
current  flows  from  one  metal  to  the  other.  The 
metal  from  which  tlie  current  flows  is  the  anode, 
and  the  one  to  which  the  current  flows  is  tJio 
cathode.  The  current  flow  causes  chemical  by¬ 
products,  but  principally  results  in  the  dissolu¬ 
tion  ot  one  of  the  metals.  The  severity  of  cor¬ 
rosion  by  a  dissimilar  metal  contact  in  the  pre¬ 
sence  of  a  corroding  medium  can  be  predicted 
qualitatively  from  the  potential  difference  of  the 
metals  making  up  the  cell.  Tlic  greater  Uiis  dif¬ 
ference,  Uie  more  severe  Uie  corrosion.  The 
galvanic  series  is  'given  in  Table  3-7.  Those 
metals  farthest  apart  In  the  table  have  the  great¬ 
est  potential  differences  and  tend  to  be  Uie  most 
severely  corroded  due  to  galvanic  action. 
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T:ihle  ?,-l .  Galvanic  Series  in  Sea  Water  /23/ 


1. 

Mii^ncHiiiin 

19. 

Muntz  metal 

2. 

Magnpsliim  alloys 

20. 

Mangenesebroneo 

3. 

Zlno 

21. 

Naval  braas 

1 

4. 

'•’Pd  !cpl 

22, 

Nlckol  (active) 

5. 

Aluminum  (02,SH, 

23. 

Inconel  (active) 

CIS,  3S,  2S,  r,:iST  in 

this  order) 

24. 

Yellow  brass 

6. 

Aluminum  clad,  2'IST, 

25. 

Admiralty  brass 

17ST 

2G, 

Aluminum  bronze 

7. 

Cadn.iiin. 

27. 

Red  brass 

8. 

Alijniinurn  (TTkST, 

A17ST,  17ST,  2-l.^T,  in 

28. 

Copper 

thi.s  order) 

29. 

Silicon  bronze 

9. 

Mild  .ntccl 

30. 

"Ambrac 

10. 

Wioiivht  iron 

31. 

70-30  copiier 

n. 

Cast  iron 

nickel 

12. 

N:-ncsi?t 

32. 

-Cornp.G -bronze 

i;.i. 

l.'l  j|  chro.Diuin  stain- 

33. 

Comp.  M-bronze 

Ira.s  sic  il ,  typ^  410 

(.U  tiV'j) 

34. 

Nickel  (passive) 

It. 

."jO-.OO  k'ud-tin  solder 

.•<5. 

Inconel  (p-isalvo) 

j  ■). 

1  '-8  staiiiles.s  steel , 

30, 

Monel 

type  30.5  Clive) 

37. 

18-8  stainless 

iO. 

l“-8-3  stainless  steel, 

steel,  type  39C 

type  310  '  iclivo) 

(passive) 

17. 

be.  id 

38. 

18-8-3  slaiplcsn 
steel ,  type  316 

1  •?. 

i  in 

(pupsivc) 

Etfr'cty  fjf  Moisture  on  Materials/4/* 

Neill i>  all  materials  arc  adversely  afl'celed 
by  moisture.  In  the  usual  case,  the  more  molst- 
u'-c  cji  csent  .md  Uio  easier  the  access  to  it,  the 
niero  SOI  lous  is  tne  detriuimtal  effect  on  ma¬ 
ter:. Js.  Onii’iarily,  the  more  severe  Uie  moist¬ 
ure  eomlitions,  Uie  more  rapid  is  the  degra- 
d..Jve  'lied.  A  jieculiar  feature  of  moisture  is 

t. 'icl.u  ttliat  in  a  negative  sense  it  can  contribute 
til  U'c  breakiiown  of  some  materials  by  its  ab¬ 
sence.  For  most  materials  tliere  is  some  op- 
tinunn  moi.sture  coni  cut  for  the  maintenance  of 
useful  pntpeilies,  I’or  example,  paper  that  is 
tc.w  dry  is  brittle,  and  leatlier  devoid  of  molst- 

u. -e  IS  apt  h)  t>e’  stiff  luid  unwurl'.able. 


*(1  rom  idfierioration  of  Materials  --  Causes 
ami  i'n.  ci  ntivo  Tcibuiqucs,  I3y  Glenn  A.  Great- 
louse  and  tiarl  J.  Wcsscl,  courtesy  of  Reinhotd 
I’ublii  liii'g  Gorpni  ation.  Book.  Division), 
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Stone  and  Concrete.  Much  of  the  natural 
weathcrlng^'Sdlsintegrailon  of  roclcs  la  caused 
by  moisture.  Moisture  entering  the  pores  and 
ii  eezing  there  effects  a  sort  of  explosive  action 
which,  over  a  period  of  years,  can  reduce  rock 
to  gravel.  Similar  physical  breakdown  can  occur 
in  freshly  quarried  building  stone  or  in  certain 
types  of  stenework  where  the  ^eavage  pianos 
are  so  oriaited  that  incipient  seams  can  fill 
with  moisture. 

Paper  and  Textiles.  Because  moisture  as  an 
agent  of  deterioration  can  function  in  so  many 
different  ways,  it  is  difficult,  and  sometimes 
impossible,  to  pinvx>int  any  particular  kind  of 
deterioration  as  caused  by  any  particular  pro¬ 
perties  of  moisture.  Wiien  ordinary  pp^jer  be¬ 
comes  wet  it  loses  Its  structural  "rength  and 
^ .  falls  to  shreds  because  the  moisture  dissolves, 
or  at  least  softens,  the  gelatinous  binder  intend¬ 
ed  to  holdthc  fibers  together.  Althou^  the  wet¬ 
ting  of  a  cotton  textile  docs  not  usually  result  in 
disintegration  of  the  material,  simple  evapora¬ 
tion  of  the  water  produces  the  so-c^ed  bwwn- 
line  effect  at  the  wet-dry  boundary. 

Metals  ytd  V^oys.  Moisture  Is  essential  to 
the  corrosion  of  iron,  steel  and  other  structural 
metals  (Fig.  3-27),  The  rate  of  corrosion  is 
influenced  By  the  physical  way  in  which  the 
moisture  Is  applied,  as  for  instance,  alternate 
wetting  and  drying,  as  a  spray,  by  immersion, 
'  as  condensation;  and  so  on.  Alternate  wetting 
and  drying  is  especially  apt  to  cause  rapid  cor¬ 
rosion,  a.nd  even  more  severe  is  a  thin  layer  of 
dew  condensed  from  th^  atmosphere.  There  is 
a  marked  increase  in  the  corrosion  rate  of  steel 
when  the  relative  humidity  is  over  80  percent. 
.Also,  the  higher  the  relative  humidity  the  more 
rapid  is  the  corrosion  of  zinc. 

Paint  Films.  The  effect  of  moisture  on  paints 

—  and  lacquers  Is  the  fonnation  of  blisters,  which 
eventually  break  and  peel  off.  When  the  sub- 

-  strate  happens  to  be  wood,  moisture  may  reach 
the  paint-substrate  interface  from  underneath. 


Fig.  3-27.  Severe  coi  roslon  of  floor  of  C-124 
aircraft. 
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The  inoielure  niav  bs  present  bi  the  wood  before 
Itic  p:iinl  is  a})piicd,  it  may  come  from  faulty 
coi'iSlniction  or  it  may  enter  directly  from  the 
reverse  side.  The  effect  of  the  moisture  Is  to 
destroy  adiicsion,  and  a  blister,  once  it  has 
bcf^un  to  form,  is  readily  enlarged.  The  pro- 
^;i'essive  breakdou-n  ofUiepaint  film  is  a  meclia- 
iiical  one. 

Glass.  Glass  exhibits  a  solubility  In  water. 
Certain  constituents  are  more  soluble  than 
outers,  and  certain  glasses  are  more  susceptible 
to  moisture  damage  tlian  others.  In  the  presence 
of  higii  TOncentrations  of  moisture,  the  more 
soluble  constituents  of  glass  migrate  to  the 
surface.  If  the  amount  of  liquid  water  on  Uie 
surfarc  f;.?  J'lS  iff.oient  to  dissolve  the  resulting 
hydroxides  and  carltonaies,  a  slushy  layer  of 
microscopic  crystals  is  formed.  The  rate  of 
fogging  by  tliis  process  depends  on  the  compo¬ 
sition  of  tlie  glass. 

Wood.  Wofid  owes  much  of  its  physical  pro¬ 
perties  to  its  moisture  content,  and  a  change  In 
J>c  moisture  io\el  results  in  a  modification  of 
one  or  more  of  the  properties.  Wood  Is  subject 
to  latlicr  iaige  dimensional  changes  with 
changes  in  the  moisture  content.  When  moist¬ 
ure  is  taken  in  or  given  up,  a  inoist'ire  gradient 
is  e.slab! isbed,  ajid  not  ail  fibers  of  a  piece  of 
v.•o<^(i  .swell  ev  shrink  at  the  same  rate  during 
wefiing  or  drying.  The  internal  stresses  set  up 
by  Lbe  loss  or  r fciitry  of  moisture  often  results 
in  warping.  In  .addition,  moisture  in  wood  is  res- 
pomsiide  fo;  lotting  and  staining. 


Effects  n{  Moi.'^ti're  on  Components 

In  addition  to  affecting  tlio  material  from 
vliii.il  i  jnipo)  ils  oj-c:  maclc,  moisture  degrades 
llie  operating  eharactcrisi ies..  Fur  example, 
high  relative  huimdilyrcduccs  insulation  resist- 
r.nre  and  [iruniotes  funjo-is  growUi,  which  may 
e'cli  meter  f.ices  or  pnxluce  mechanical  inter- 
'■trenee  ui  n.o'.ors,  t\ining  c.apaeitors,  and  so  on. 
Thcf  iloets  of  moisture  on  several  typical  com¬ 
pel. e-ij  .i:-.  given  in  the  ['aragraphs  tJiat  follow. 

He  .i.;',or.s.  ,'2-i/  Moistu'-e  on”  the  body  of  a 
reei.j'ie-;  i'lrn.s  a  leakage  path,  that  is  equivalent 
to  a  ■'■aria'ilc  rooistmue  in  parallel  with  die 
|•c-;,l..loI  ,  eu.i.oositiiiii  resistors  arc  especially 
alfiited  by  liioistiire.  Tiic  plicnolic:  case  Is  not 
a  g'i  h1  iiioisiere  ti.irr  icr  and  the  absorbed  moist¬ 
ure  (  lu.ec.s  iiislaliilily. 

^  Moisture  in  tlie  dielectric  of 

ILxeu  eaeaeiuirs  decreases  the  dielectric 
streiigUi,  insulation  resistance,  and  life,  and 
inc  1  ea.si  s  the  jKnver  factor.  In  addition,  several 
(  on:  nuTily  usad  capacitor  materials  (pajxir,  wax, 
nul  oUior  impregnants)  arc  fungus  nutrients. 
High  relative  humidity  also  causes  corrosion  of 
the  eontaini’rs  of  mct;il-clad  capacitors.  In  one 
te.st,  liltecn  nieial-clad  caiiacitors  were  sub- 
jetted  lo  a  retalivc  hurnicty  of  from  95  to  100 
pci  ant  at  !'5  K  (its  C')  fur  Ji.4  .lays.  At  the  end 


Hours 

Fig.  3-28.  Effects  of  humidity  and  temperature 
on  unetched  clad  lamlnates./26/ 


of  this  time  all  capacitor  enclosures  were  80  Lu 
100  percent  corroded./25/ 

Printed  Circuits. 726/  The  effect  of  molst- 
ureon  printed  circuits  resembles  tliat  of  its  ef¬ 
fect  on  the  base  laminates  alone,  except  that 
when  an  adhesive  is  present,  an  adhesive  layer 
''  Is  left  exposed  after  etching.  The  effect  of  hu¬ 
midity  and  temperature  on  clad  laminates  not 
_  subjected  to  etching  Is  shown  In  Fig.  3-28.  The 
poorer  Insulation  endurance  of  epoxy  at  70  C 
may  be  due  to  copper  corrosion  products  result¬ 
ing  from  moisture. 

Transforme rs./27/  Moisture  In  transformer 
'windings promotes  corrosion,  supports  fungus 
growth,  and  reduces  dielectric  stren^  of  In- 
,  sulatlon  rcGlctancc.  Electrolysis  and  electro¬ 
lytic  corrosion  of  the  metal  also  may  take  place 
in  tlie  presence  of  a  suitable  electrolyte. 

Motor  and  Generators.  Moisture  In  and 
across  windings  of  motors  and  generators  re¬ 
duces  the  insulation  resistance  and  dielectric 
strength.  It  can  also  result  In  arcover  between 
high  voltage  points.  Galvanic  action  corrodes 
--  the  bearings,  causing  rough  running  and  early 
failure.  Fungal  growth  destroys  insulation,  re¬ 
sulting  In  short  circuits.  However,  should  Uie 
atmosphere  become  too  dry,  tliere  will  be  ex¬ 
cessive  dusting  of  tlie  commutator  from  the 
_ brushes, /4/ 


Kffcci  of  Moist'ire  on  Equ Ipmotit 

Moiblure  degrades  Uie  overall  performance 
of  most  equipment  (Fig.  3-29),- The  sensitivity 
and  frequency  sta'iility  of  radio  receivers  are 
rcdiired.  High  humidity  can  cause  the  tuning 
cauT'-itnrs  in  the  output  stage  of  a  transmitter 
to  fliisli'uvo.',  especially  during  periods  of  mo¬ 
dulation.  Condensate  on  the  cprcaders  of  open 
vlre  feeders  will  detune  tlie  final  amplifier  of  a 
tnansmitter.  This  reduces  the  output  power  and 
may  cause  r-f  focdljack  in  audio  stages.  Moist¬ 
ure  can  corrode  fasteners,  making  access  to  the 
equipment  interior  for  adjustment  and  main¬ 
tenance  purposes  more  difficulti 

In  t'vd.aulie,  pneurnatlk:  and  fuel  systems, 
condensed  moisture  accumulates  in  low  spots 
and  freezes  at  low  temperatures.  Tliis  blocks 
lines  and  valves  and  makes  tiic  system  Inoper¬ 
ative, /?2/ 

Moisture  also  promotes  fungal  growth  on 
ooti'  al  and  photographic  equipment.  Tiiis  causes 
.'ogging  of  lenses,  destroying  the  usefulness  of 
the  equipment.  Fungus  also  alLari's  leather 
cases  used  fox'  st'-r’ng  or  transporting  such 
equi;)nient./4/ 


Effei ' t  of  Moi;i 1 1  m e  on  Flight  Vehicles 

Hesides  ailccting  vehicles  meclianically, 
mo i  slur c  can  .dsn  ii.ivo  operational  effects.  For 
cxar.-plc,  if  suilicicnt  moisture  fills  the  pitot 
tube,  .and  .alrspeei  indicator  will  give  an  incor¬ 
rect  reading.  Also,  moisture  in  fuel,  even  if  It 
d  les  not  freeze,  may  cause  rougli  engine  opera- 
tiofi  nr  compl  jtf.'  I.  nginc  stoppage.  Moisture  In 
jell  r;it.e  fu'’’  tuis  caused  icing  of  filters  and 
r.t  engine  failure  eittier  by  bypassing 
com  iminntcd  furl  tliat  plugged  nozzles  or  by 
’'st.-.t'ving''  the  ciigiue. 


t  .1-29.  S.’vere  corrosion  of  piece  of 
e'e  .  ir'uui-  equipment. 


'^Fig.  3-30,  Hall  damage  to  aircraft  nose  radomc. 

Erosion  of  external  aircraft  surfaces  by  rain 
and  other  forms  of  precipitation  is  a  problem. 
Evtemal  plastic  parts,  such  as  radomes,  wind¬ 
shields  and  antenna  insulators,  are  susceptible 
jz-  to  rain  and  sleet  erosion  at  high  subsonic  spe¬ 
eds.  As  speeds  increase  above  Mach  1,  even 
-  metal  surfaces  begin  to  suffer  severe  damage 
when  precipitation  is  encountered  lor  more  tlian 
a  few  seconds. 

It  has  been  estimated  /28/  that  if  a  ratio  of 
one  hail  encounter  to  ten  thunderstorm  pen¬ 
etrations  is  taken  an  an  average,  tliere  is  a  one 
percent  probability  that  an  aircraft  penetrating 
a  tliunderstorm  wUI  encounter  hailstones  2 
Inches  or  greater  in  diameter.  Likewise  one 
thunderstorm  penetration  In  40  wLU  involve  hail¬ 
stones  1  Inch  or  greater.  The  leading  edges  of 
the  wing  and  tall  are  most  suBcqotlble  to  hall 
damage.  Damage  to  the  fuselage  Is  generally 
confined  to  the  nose  and  cocl^it  areas  Fig. 
3-30).  Windshields  are  sometimes  broken  or 
cracked  by  hall,  and  engine  cowlings  are  dam¬ 
aged  to  about  the  same  extent  ais  leading  edges. 
Turrets,  radar  coverings,  antenna  loop  housings 
and  li^ts  are  frequently  struck. 

Fog  causes  serious  operational  diiiiculties 
by  inlerferrlng  with  take-off  oi  landing.  Low 
temperatures  on  the  ground  during  fog  cause  ice 
frost.  TTils  glazes  the  aircraft,  creating  hazard¬ 
ous  conditions  for  personnel.  Ice-frost  also 
adds  weight  to  the  aircraft  and  changes  Its  aero¬ 
dynamic  characteristics.  In  addition,  ice-fropt 
obscures  vision  through  windshields  and  makes 
access  to  fuel  tanks  and  doors  difficult. 


ICING/22/ 

Ice,  as  the  term  is  generally  used,  refereto 
solid  water  exclusive  ^  snow,  hall.  Ice-fog  or 
frost.  It  occurs  naturally  on  tlic  surface  of  the 
Earth  as  well  as  in  the  atmosphere  during  alr- 
erxift  flight.  Basically,  there  are  three  forms 
of  icing;  Rime  Ice,  dear  Ice,  and  frost.  Va¬ 
riations  and  mixtures  of  these  occur  and  use 


siicli  n;imcs  as  glaze,  glinie,  soft  rlnie  and  hard 
rii'ic. 

Uiiiif  ice  Is  ;m  opaque  ieeformedbytheln- 
etaiitan onus  freezing  of  small  supercooled  drop¬ 
lets.  Since  tliese  droplets  adhere  In  approxl- 
nuilcly  sphcricrJ  shape,  they  trap  air  In  the  Ice. 
giving  it  an  opaque  appearance  and  malcing  it 
brilLl...  Clear  ice  is  formed  by  slower  freezing 
of  larger  supcrrcoo'od  droplets.  These  have  a 
tendency  to  spread  and  assume  the  shape  of  the 
suriacc  on  which  tlicy  deposit  prior  to  complete 
freezing.  Clear  ice  contains  little  air.  Frost 
is  a  deposit  of  ice  crystals  formed  on  exposed 
upper  surfaces.  Frost  can  also  form  on  aircraft 
In  flight  upon  descent  from  subfreezing  air  Into 
a  warm,  moist  layer. 

In  general,  Uio  condition  required  for  Icing 
isUie  presence  of  liquid  droplets  at  subfreezlng 
temperatures,  that  Is,  supercooled  clouds.  A 
su|)Orcoolcd  cloud  is  one  whose  suspension  of 
water  droplets  remain  unfrozen  even  though  the 
trnip*'rature  may  be  far  below  freezing.  This 
Is  an  inherently  unstable  suspension.  When  a 
supercooled  droplet  hits  the  surface  of  an  air¬ 
craft  or  missile,  ttie  impact  destroys  the  sta¬ 
bility  of  the  d-oplet  and  raises  its  spontaneous 
crysiailizatioiuKiint  so  tliat  freezing  is  Initiated. 

Charts  .showing  the  prohatulity  of  potential 
aircraft  irir-;;  contiitions  existing  in  tiio  Northern 
llcmispliorc  ..i  various  altitudes  during  tlie  dlf- 
Icr'  iH  season:;  are  included  In  reference/29/. 


Ic’ng  Condithii'.? 

Icing  roiKlitions  denote  a  slate  of  the  atmos¬ 
phere  defined  I'y  a  set  of  values  comprising 
pressure,  drop  diameter,  liquid  water 

con:  lit  and  t^unpcraturc.  Tlie  factors  are  as 
foil.".:.: 

1.  Altliour.li  icing  has  ueen  encountered  up  to 
■10,Ut:0  le  t,  tiic  limiting  altitude  for  all  but  the 
liig!',v:d  icir.g  is  alxjul  2r),000  foot. 

2.  I'lordot  --l/c  normally  docs  not  exceed  30 
to  .'lii  intcmm  init  may  reach  a  maximum  of  90 
to  lU'"!  micr  no  in  dianutcr. 

3.  I'he  wnti  r  content  varies  from  0  to  4 
grams  per  cchie  meter. 

4.  Tlie  temoerature  range  for  icing  condi- 
I  inir-  va  rious  f  I  cm  -40  to  32  F  (-  40  to  0  C). 

II mh  water  contents  are  associated  with 
strum;  (onvcctive  rloudn,  and  the  general  indi- 
catii  usare  that  .such  clouds  start  to  precipitate 
wlion  tlu  y  attain  temperatures  between  -12  and 
-15  ( api'i oxi inately  3.2  and  11.4  F).  It  Is  un¬ 

likely  tti.it  tmiximuin  water  content  will  be  com- 
Lnn''  i  W  illi  temperatures  below  -16  C. 

llffei.  ts  of  Icing 

1(  iT’i;  can  cittu'r  decrease  ttie  performance 
<  np.rnlii  o's  of  .in  .aircraft,  or  It  can  cause  com¬ 
plete  failure,  resnlti.ngln  die  alrcridt  being  des¬ 


troyed  and  the  mlsslvon  unfulfilled.  Icing  re¬ 
mains  ahazard  whenever  adequate  means  oi  re¬ 
moval  are  not  provided. 

Aircraft  are  affected  In  several  significant 
ways  by  the  buildup  of  Ice.  The  aerodynandc 
properties  of  wing  and  tall  surfaces  are  clianged 
by  the  ice  decreasing  the  lift  and  increasing  Uic 
drag.  An  aircraft  burdened  with  Ice  requires 
a  longer  runway  for  takeoff  or  landing.  In  ad¬ 
dition,  ice  adds  to  the  total  weight  of  the  air¬ 
craft,  decreasing  its  operational  radius.  Ice 
also  prevents  or  nlnders  functional  operation  of 
miscellaneous  units,  accessories  or  cqulpm&it, 
by  blocking  the  air  intake  duct,  distorting  the 
radiation  pattern  of  the  antenna,  etc.  Structural 
damage  to  turbine  engines  may  result  w’-pn  ice 
breaks  off  Inlet  surfaces  and  is  ingested  by  tlie 
engine.  Ice  accumulates  on  leading  ncQ. 

peUers,  compressor  Inlets,  wings,  induction 
systems,  pitot  tubes  and  all  aerodynamic  sur¬ 
faces  of  aircraft.  It  Is  also  Induced  by  operating 
conditions  In  fuel  and  oil  lines,  fuel  filters,  vent 
lines  and  engine  breather  lines. 

Air  Induction  systenos  in  general,  and  turbine 
engines  in  particular,  are  most  critically  af¬ 
fected  by  an  encounter  with  Icing  conditions  of 
high  liquid-water  content,  ever  though  the  dur¬ 
ation  of  the  encountei  is  very  short.  On  UiC 
other  hand,  propellers,  windshields,  wings  and 
taU  surfaces  can  usually  tolerate  brief  and  In- 

-  termittent  encounters  with  Icing  conditions  of 
greater  severity.  Severe  icing  may  cause  a  re¬ 
ciprocating  engine  tu  stall. 

Ice-fog,  which  Is  a  suspension  of  very  small 

.  Ice  crystals  in  the  air,  presents  an  operational 
hazard  to  night  vehicles.  Ice-fog  usually  occurs 
under  conditions  of  clear,  cold,  windless  weather 

-  In  the  high  latitudes. 


SAND  AND  DIJ.5T 

The  sand  and  dust  environment  is  a  major 
factor  In  desert  areas;  however,  It  Is  not  re- 
'  Strictedlo  those  areas  alone.  Dust  also  includes 
airborne  Impurities,  which  can  become  a  prob¬ 
lem  In  almost  any  location.  The  amount  or  coo- 
-  centration  of  cand  and  dust  at  a  given  point  is 
one  of  the  most  important  factors  in  such  an 
environment.  At  the  present  time,  concentration 
Is  usually  measured  either  as  wel^t  per  unit 
volume  of  air,  or  as  number  of  particles  per 
—unit  volume.  To  relate  the  two  methods  it  1. 

necessary  to  know  the  number  of  particles  per 
;uinlt  weight.  This  is  a  very  complex  factor  which 
must  take  into  account  the  paillcle  size  dislrl- 
-bution,  composition,  shape  and  density  of  tlie 
particular  sand  and  dust  being  analyi^od.  For 
this  reason  much  of  the  data  obtained  from  air 
pollution  studies  and  sand  and  dust  storms  can¬ 
not  be  readily  applied  to  the  subject  of  deteri¬ 
oration,  since  engineering  performance  has 
usually  been  related  directly  to  the  weight  of 
sand  and  dust  encountered  over  a  certain  period. 
/30/ 


% 


r 


A  normal  afinosphcro  always  contains  a  cer¬ 
tain  aniomil  of  impurities  in  tlio  form  of  natu>al 
5.1111.1  or  dust  orlftiiMtlii);:  from  the  soil  and  otlier 
^viuilos.  Among  .sucli  sources  are:  /30/ 

1.  Condens.atjpn  of  vapors  and  gases.  The 
formation  of  rain  or  tlie  condensate  troth  metal¬ 
lic  vap>or.s. 

2.  Mccii:tj.;cal  dispersion  of  liquids.  The 
salt  particle.s  in  se^oard  atmosphere  or  par¬ 
ticles  originating  from  spray  evaporation. 

3.  Qiemjcal  reactions.  The  smoke  from 
industri^y  used  clieniicaJ.s. 

4.  Crushing.  The  aerosols  generated  by  the 
disinteg'- il;on  of  concrete  or  asphalt,  milling, 
piilvcrization  of  coal,  quarrying  or  allied  oper¬ 
ations. 

5.  Combustion  or  explosion.  The  fumes, 
smokes,  and  ashes  from  tliG  burning  of  solid  or 
liquid  fuels,  volcanic  activity,  or  meteoric  dust. 

At mo.spheric  Pollution 

The  norm.il  amounts  of  atmospheric  pollution 
found  in  various  locations  are  given  in  Table 
3-8.  It  is  apparent  from  Lliis  table  that  Indus- 
tri.tl  areas  have  a  higher  degree  of  pollution 
Uimi  (In  I'.iiiPt'  areas,  ft  has  been  reported  that 
aiJiU'i  ixiina' -dy  200  million  cubic  feet  of  dust 
c.Mst  )ierma;icntly  in  Die  atn-.osphere;  as  many 
a.^  80,000  aeiosol  (soot,  metal,  dusts,  fungus) 
parti'  ios  v'l-'ra  found  in  one  cubic  centimeter  of 
the  air  in  New  York  City. 

In  rr.oJerat':  dust  storms  the  concentrations 
at  L'lO  1000  lei'll  level  is  about  0.0005  gram  per 
cuhie  f  'ot,  u 'icreas  in  a  severe  storm  it  may  be 
fr,";  V  ten  tunes  as  heavy.  Table  3-9  gives  the 
variat  .  .in  o.  cuncentra' ion  of  a  dust  storm  with 
inercasii)','  iLiiitucle.  The  fact  that  significant 
C'liii  eiiirali  in.s  of  dust  arc  found  at  upper  alti- 
iude.s  .sl.oulJ  be  an  indication  that  some  degree 
ol  [u  oU  cti'ui  must  be  given  to  aircraft  and  air- 
Uiiiie  eriaijiiiiL'iil.  Tin’  upper  limit  for  tills  dust 
a;'; -'.'.u  s  'o  '  about  T.t.ti'JO  feet. 

P,!  1  : k  '.0  bi  V.  30-' 

T  j  s;  ’e  '.ii  a  dust  particle  usually  refers  to 
tiie  idl'.a  live  or  iiieaii  diameter  and  is  given  in 
n,i'.  .'■on.,.  Tant.s  are  generally  limited  to  part- 
ieii  r.in  ;uig  from  aknit  0.1  to  50  microns; 
M  -.d  I'l  '  Ui  .-ands  are  particles  between  about 
.'it:  l  I  vO  )  mici  );is;and  .s.and  tailings  from  flota- 
te  a  {.iirl'ii  ne  by  wind  or  some  mechanical 
ne  .11,.-.)  1  in  "  upward  from  .300  microns  in  dl- 
a : :  '  i r . 

Kal'.ir.d  Ciindiiion/30/ 

Ihe  eked  of  wind  in  creating  a  natural  dust 
C'l'idiiioii  la  one  of  tlic  more  important  var- 
i.i' b  s.  P'.v.i'iso  mo-.iii('  air^  absorbs  more 
ri'iu.'!-ture  Ui.ui  .'^till  air,  w  iiui  arts  as  de.slccailt 
by  .fryiiu',  '.  it  t!ie  top  soil,  and  Uien  as  an  agent 


or  erosion  by  removing  tlie  dry  dust.  The  dust¬ 
ier  seasons  of  the  year  are  the  seasons  of  tight 
atmospheric  pressure  gradicn*s,  sharp  trouts 
and  frequent  frontal  passages. 

The  Intensity  of  the  wind  is  also  a  factor  in 
determining  the  dust  condition,  since  the  force 
enertedBy  thewlnd  is  proportional  to  the  square 
of  the  velocity,  and  the  energy,  or  work-doing 
ability,  is  proportional  to  the  cube  of  the  velo¬ 
city.  Table  3-10  shows  the  surface  wind  velo¬ 
city  necessary  to  transport  vat  ious  sized  dust 
particles. 

Wind  velocity  increases  logarithmically  with 
height  above  the  ground.  Tnese  data  are  close¬ 
ly  associated  with  the  transportability  of  dust. 
Unless  a  distinct  dust  storm  occurs,  wind-blown 
sand  rarely  rises  more  tlan  three  feet  off  the 
ground;  the  average  height  being  about  4  Inches. 
It  has  been  estimated  that  a  33  mile  an  hour 
wind  at  a  five  foot  level  Is  required  to  set  sand 
particles  In  motion. 

The  height  to  which  a  dust  storm  rises  is  a 
function  of  the  wind  velocity  and  Uie  stability  of 
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T;ihle  Pur/Mce  Wind  Velocity  Rclalod 

10  Moi'lnp:  I>ust  Particles  /;10/ 


Wimi  velocity 
(intih) 

Mean  particle  size 
(microns) 

l.l 

40 

2.3 

80 

4.1 

160 

8.8 

320 

19.G 

650 

970 

L 

ilic  entire  air  mass.  Unstable  air  masses  cre¬ 
ate  c.vtremc  vertical  air  movements,  resulting 
in  turl'ulcnce  and  ronvertion  currents,  which 
can  carry  the  dust  as  liigii  as  J.en  to  fifteen 
tiiousand  feet. 

Effects  ol  Sand  and 

Almost  aJ)  dusts,  and  many  kinds  of  dirt,  are 
tovan  rjs  extents  hygroscopic,  and  so  they  tend 
to  adsorb  moist  jre.  A  film  of  dust  or  dirt  on  a 
matcruU,  Die: '.'foro,  tends  to  maintain  a  higher 
moisture  level.  Tins  tends  to  increase  Uie  de- 
(5rad.a! ion  and  corrosion  rate  of  most  materials. 
,'4/  Sand  and  dust  iicnetnitc  every  crack  and 
crevice  of  a  \vcn;x'n  system.  When  mixed  v'ltb 
lubiicants,  Uic  mixture  becomes  an  excellent 
grindifij  c'jnipotUid,  Accumulation  of  dust,  sand 
and  other  gritiy  matter  ..ccounts  in  large  part 
for  ilm  drying  aud  caking  of  greases  in  exposed 
bearings.  For  ''xaiiiple,  an  internal  combustion 
engine  opi'rnli  d  without  an  air  fUter  will  be 
rendered  unless  in  al'-out  10  liours  cr  less,  de- 
.oendi";:  on  tiiO  dust  concentration. 

1  roii!  a  '.'oinponi  nt  vicwixiint,  if  the  compo¬ 
nent  is  in  a  rnoisturcprool  tiousing,  it  is  ^so 
protected  fion)  sand  and  dust,  Heimetically 
seidcd  (  onipou' nts,  such  .as  relay.s,  tr.ansform- 
ers,  an  i  \  ,icuum  capacitors,  are  not  affected  by 
sand  iu;,t. 

Dad  ac(  uinul.ites  >>etv,'ocn  high-tension  elec- 
tfodi  s  and  pi.-motcs  arcuig.  It  rots  intc  con- 
iiLciars,  i  auslng  them  to  stick  and  make  poor 
contaa.  The  abrasive  action  of  sand  and  dust 
rapiilly  i  in. ages  licarmgs  :uid  tiie  armatures  of 
mi/t^un-,  cmaimiturs  and  generators.  Volcanic 
dust  (  'III  uj  s  ('msliluents  that  liasten  the  cor- 
rosic;  of  irn.  Miriaces.  Dust  can  even  become 
enibc.l.l  'd  in  some  types  of  die  eastings  and  be 
rrsp-  ro'.l'.lc  frir  plmnorncnon  known  as  growing, 
i;  patio  ij  affooted  arc  intended  to  be  moved , 
scirufi'  c\-oniuaiiy  takes  |'lace./4,  33/ 

D'jsi  in  propellants  or  propellant  systems 
chu’  i;i‘'i  iiiete  I  i.ij',  passages,  causing  erratic 
oper.i'i  'ii  or  even  explosions.  For  example, 
irip.irn.i  :■  c  imaiting  hea\  ilj’  coiicentraled  hy¬ 


drogen  perixlde  have  cause  explosions.  Dust 
In  cixillng  passages  of  regeneratively -cooled 
Iqluld  rockets  can  cause  hot  spots,  leading  to 
possible  motor  burnout  or  explosion./ 33/ 

The  abrasive  action  of  wlnd-dnven  sand 
wears  away  paint  and  other  protective  coatings. 
It  can  make  windshields,  radomes  or  8t.ar- 
tracking  windows  opaque  and  thereby  reduce 
visibility  or  sensitivity,  Sand  and  dust  particles 
Inhlnge bearings  of  control  surfaces  on  aircraft 
cancauscsufflclentfrictionto  make  the  controls 
stiff  and  difficult  to  operate.  Wear  Is  Increased 
aiHl  additional  maintenance  is  required. 

Dust  will  plug  the  d?aln  holes  In  the  wings 
and  tail  structure  of  aircraft  and  prevent  - 
age  of  water;  pitot  tubes  become  plugged,  and 
the  dead  air  spaces  in  wings,  fuselage  ara  roU 
allow  dust  to  accumulate,  possibly  affecting  the 
aerodynamic  stability  or  performance  of  the  air¬ 
craft  seriously.  Dust  will  also  clog  or  plug 
components  of  spark  ig  iltlon  engines.  This  Is 
especially  true  where  oust  In  combination  with 
leaded  fuel  will  rapidly  Increase  spark  plug 
fouling.  This  Is  a  serloiis  problem  In  the  oper¬ 
ation  of  helicopters  because  of  the  relatively 
high  percentage  of  time  they  operate  in  heavy 
dust  concentratlonB./30/  Cooling  systems  are 
affected  because  the  dust  adheres  to  oU-soakod 
or  wetted  surfaces  and  forms  insulating  layers 
that  reduce  heat  transfer  rttes. 


•PRESSURE 

The  effects  of  pressure  fall  Into  two  categories; 
-Those  resulting  from  ambient  pressure,  and 
those  caused  by  wind. 

Ambient  Air  PregBure/34/ 

_ Ambient  pressure  Is  the  surrounding  air 

pressure  of  a  given  point  at  a  prescribed  alti¬ 
tude  and  location;  it  is  equal  to  the  wei^Jit  of  a 
column  of  air,  over  a  given  area,  from  that  point 
to  the  outer  extreme  of  the  atmosphere. 

All  aerodynamic  and  thci'mod:;namlc  charac¬ 
teristics  of  a  flight  vcnlcle  are  dependent  *n 
some  extent  on  ambient  pressure,  Diag,  lift, 
thrust  from  air-breathing  propulsion  systems, 
vapor  pressure  and  cooling  rates  increase 
directly  with  increases  in  ambient  pressure. 
Effective  thrust  from  rocket  engines  and  control 
surface  size,  on  tlie  otli-r  hand,  decrease  wi’ii 
Increased  ambient  pressures. 

Low  ambient  pre.ssures  adversely  affect  hu¬ 
man  beings  and  make  pTcssurizatlor  systems 
mandatory.  This,  in  tun,  presents  the  danger 
of  explosive  decompress  which  would  occui 
If  die  cabin  or  compartment  pres.sure  were  sud¬ 
denly  lost  due  to  mechan.cal  failure,  damage  by 
a  meteor,  or  possibly  enemy  action. 

Majiy  lubricants  have  a  relatively  high  vapc>r 
pressure  tiiat  renders  them  useless  under  con¬ 
ditions  of  extremely  tow  ambient  pressure. 


Grauhitt’  is  especially  alfecled,  becoming  an 
ahiasivo.  Witliout  lubrication,  oxide  coatings, 
or  molecular  gas  films,  coefficients  of  friction 
between  movint^  surfaces  rise  sharply,  with  gal- 
ling  inevitable  and  cold  welding  probable.  Ex¬ 
tremely  low  pressures  will  also  drastically  af¬ 
fect  all  kinds  of  seals;  even  a  good  welded  Joint 
may  pp’^vc  to  be  porous. 

rie^Lcical  Arcovor  and  corona.  The  Insul- 
atinc  crrci  i"^  airTietwcen  high -voltage  elcc- 
trodc.y,  or  oUier  high  tension  points,  decreases 
witli  decre,iBing  pressure.  Therefore,  at  high 
.aliiludcs,  higl:  voltage  eTul|)nierit  may  have  a 
vollagc  arcovor  l>etwcen  tlie  high  tension  points. 
At  a  pressure  corresponding  to  an  elevation  of 
dS.OUt)  feet,  the  voltage  breakdown  potential  is 
approTGu^iely  a  U.ird  rpsr.  Lhan  at  sta  level.  At 
Gb,iiOOfcet,  Die  breakdown  potential  is  about  one 
fiftli  of  its  breakdown  value  at  sea  level. /4,  35/ 

Di'structive  arcs  can  damage  conductive 
parts,  and  i’rcak  down  insulators  so  dial  they 
will  cotiJuct.  Connectors,  tcrniLnal  boards  and 
relay  rtmlacts  arc  examples  of  parts  that  arc 
uuljjeri  to  arcover  problems.  Other  parts,  such 
as  resistors,  capacitors  iind  transformers, 
imless  ti<  rmcti:.al!y  ."■'^Icd,  can  develop  Internal 
arcii  g  in  a  low  pressure  environment.  Arcing 
is  pirticularly  damaging  to  brushes  used  In 
niotors  and  genni-ators. 

If  volfagei,  aru  net  Idi’.h  enough  or  the  air 
pr'.'SMjrf  m not  quite  low  (  nough  to  sopixjrt  arc- 
ovei.  miir.ilo  arcs  may  take  place  in  the  area 
of  the  iiieh  voiiagc  points.  This  is  known  as 
eurona,  ;ind  c.ui  dani.age  components  and  ma- 
tcri.il:-.  and  causo  considerable  communication 
intc!  leri  nee.  I'no  ionized  air  caused  by  corona 
j.ro  l  ic  es  (jzo7ie  luut  oxides  ol  nitrogen,  Tlie 
n/oM'.' II  ddizi  s  natural  rubber  and  synttiotic  ma¬ 
teria'.:,,  ;u)  1  t:  ’  oxides  of  nitrogen  combine  with 
wat-.T  'll  cum  acids  tfiaf  ronlaminale  and  de- 
p.iad'  insulators  .and  bustlings,  and  corrode 
met.u.‘-. At  a  pressure  of  approxl- 
tuai'gy  Id'.’  millimeters  ol  tig  ttie  air  becomes 
too  t'  'll  to  ou;  ;".'rt  a  corona  discharge. 

!i‘  _  Ib- .al.  Convection  is  a  common 

III'  ;r  '■  o!  j  curi  ivng  heat  from  equipment.  Since 
tlie  d'  li  oty  i  f  air  decreases  witii  increasing  ai- 
lit'j!'  .  'lie  he:  I  al'Sorbini;  capacity  of  air  falls 
oi'i  pri  l>"rt  .'"ii.iu  ly.  Talile  3-11  shows  the  heat- 
a'lsoroing  car'aeiiy  of  a  fjiven  volume  of  air  at 
vari  'us  aililua  es  as  a  percentage  of  its  hcat- 
a'lsiM  Id'll;  capacity  at  sea  level.  Since  tlie  air  is 
1' !  s  .I'lh;  lo  adsorb  and  remove  heat  at  higher 
aliili'des,  the  tei  iiieraturc  of  heat  producing 
(  omi  'iiii'iit.;  m.iy  rise  ;diovc  thei r  safe  operating 
!'■■,<  1-^,  iin'-  ss  prevon'ive  measures  are  taken. 
At  ..  p’<'S‘'.ure  of  .approximately  10'^  mllll- 
mi'l  rsol  ilg  air  can  no  longer  be  considered  a 
liea!  •'indiulut. 

Wiii'l  34/ 

\t  I  'd  is  usii.dly  caused  by  differences  In  al¬ 
ii  oi-lii'ric  doied'y,  wliiidi  produce  horizontal 
diffi  I  ni  '  S  in  air  pressure.  A  pressure  gradl- 


Table  3-11.  Heat  Absorbing  Capacity  of  Air 
at  Various  Allttudca  /a-l/ 


Altitude 

(feet) 

Percent  beat-absorbing 
oapaclty  of  given  volume 
of  air  to  that  at  sea  level 

0 

100 

20,000 

50 

40,000 

25 

60,000 

10 

80,000 

3 

100,000 

1 

- 

ent force  develops,  setting  the  air  In  motion  and 
causing  It  to  flow  from  nigh  to  low  pressure. 
Any  sudden,  brief  movement  of  air  at  a  velocity 
In  excess  of  tlie  steady  air  velocity  is  a  gust. 

Operational  Effects.  Wind  can  affect  the 
flfghl  path  and  range  of  mlssUes  and  aircraft. 
In  horizontal  flight,  the  direction  and  speed  of 
the  winds  at  specific  levels,  such  as  tlie  jet 
streams,  can  Increase  or  decrease  the  range  of 
a  vehicle.  A  cliaiige  lu  wind  speed  or  direction 
with  height  can  force  a  vehicle  off  Its  Intended 
course  and  possibly  out  of  control.  Surface 
winds  as  well  as  atmospheric  winds  must  be 
considered  in  selecting  missile  launching  sites. 
In  addition,  wind  is  instrumental  in  producing 
other  troublesome  environments,  such  as  wind¬ 
blown  sand  and  wind-blown  snow. 

Wind  Load  Stress.  Stress  caused  by  wind 
loading  is  a  basic  consideration  In  flight  vehicle 
design,  since  sufficient  strength  must  be  pro¬ 
vided  in  all  structural  members  to  withstand 
all  wind  and  gust  leads  likely  to  be  encountered. 

Vtvr  Tvilwtrl  oa  tHo  aniiaf*A 

A  IIV  ava  V<V»  rrMBM  **»,«.  aww*  »-»w  ««•  -  — 

of  the  wind  speed,  and  wind  velocity  generally 
Increases  wltli  altitude.  However,  ad  high  alti¬ 
tudes  tlie  loading  caused  by  wind  Is  greatly  di¬ 
minished  due  to  the  decreased  atmospheric 
— density.  Data  on  "the  probability  of  occurrence 
of  winds  of  various  speeds  are  given  m  Chapter 
,  2./36/ 

Low  velocity  and  short  duration  gusts  pro- 
qhiclng  accelerations  of  0.1  to  0.5  g  can  shake 
and  Jerk  a  flight  vehicle,  but  usually  will  not 
displace  it  from  Its  Intended  course  or  caune 
any  structural  damage.  However,  higher  ve¬ 
locity  and  longer  duration  gusts  may  accelerate 
tlie  vehicle  and  also  cause  structural  damage. 
On  the  ground,  gusts  may  produce  dangerous 
structural  loads  on  ground  support  equipment, 

EXPLOSIVE  ATMOSrHERE/37/ 

Combustible  gases,  usually  a  mixture  of  hy¬ 
drocarbon  vapors  ana  air.  may  seep  hilo  equip- 
.^ment  snd  create  a  potentially  explosive  atmos- 
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plicro.  r.loctrir.il  arcovor,  corona  or  a  spark 
from  any  moviin;  electrical  equipment  may  Ig¬ 
nite  tlu'Ho  romt'u.stlble  gases  and  cause  an  ex¬ 
plosion  or  fire.  Some  of  the  factors  Involved  In 
producing  a  potentially  explosive  atmosphere 
are  tl\o  fuel -air  mixture  ratio,  the  atmospheric 
presKur"  Uie  temperature,  tlie  humidity  anc  Uie 
source  ol  igni,.ici*. 

luel-Air  Mixture  Ratio 

A  mixture  of  fuel  and  air  may* be  either  too 
rich  or  too  lean  to  be  an  explosion  hazard.  At 
sea  level  pressure,  a  mixture  consisting  of  1  to 
7.G  percent  fuel,  by  weiglit  and  volume,  consti¬ 
tutes  a  potorti  uV  explv'sive  atmosphere.  Mix¬ 
tures  l'  .1  to  5  percent  fuel  are  extremely  haz¬ 
ardous  and  will  readily  produce  tiigli-speed  ex- 
plosioiis  and  flame  propagation.  Uelow  3  and 
al)ovc  5  percent,  tl'.c  fuel-air  mixture  will  be 
more  difficult  to  ignite.  If  ignited,  tlie  exitlosion 
v'ill  be  mild  and  ttic  speed  of  tlame  propagation 
will  Ij'j  slow, 

Aunospneric  Pressure 


A  pctcntially  c.xplosiv  c  atmosphere  varies  only 
sligl’tly  uitti  decreases  in  pressure.  As  atmos- 
piieric  pressure  is  reduced,  the  dielectric  con¬ 
stant  of  air  '■'rc  reuses,  thereby  Increasing  the 
possiljiiily  oi  e>  ,;ct  rical dischargi.  However,  with 
tIecrea.M.'d  al iTnmr-heric  pressure,  the  explosive 
mLxtui'c  bccon  c  n.orc  difficult  to  Ignite./ 438/ 

Temperature 


Temperature  l  a.s  little  effect  on  tlie  explo¬ 
siveness  of  a  ga.s  mixture  witliiri  Uie  temperat¬ 
ure  of  c'i  F  (30  C)  to  131  F  (55  C).  How¬ 

ever  at  !uv  leenprTalures,  wliich  exist  at  higher 
altitU'.ie.s,  the  .qilosion  hazard  is  considerably 
reuuci  d. 
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nvj.'ip'  t  i  I-,  a  vi-ol'le  r.pairi;  may  occur  a  number 
ol  tiiiK-s  and  mil  ii'nite  the  mixture.  Tlie  spark 
must  ,  iveoll  ciuiugh  tieat  to  bring  tlic  temperat- 
iii  e  ol  tlu,’  mi'.iui  e  to  ttie  flasli  jioint.  An  elec¬ 
tric  sparg  d'  lii,  -Tcd  over  a  relatively  long  per¬ 
iod  ii:  the  im'st  elfcclivc  ip.nilioii  source.  Aouve 
30,')[)01<  Ll,  t  ,1'  na  rather  Llian  electric  arcover 
acLs  as  a  sou-  ce  ul  ignition. /4, 35/ 


A1  MCF'I'HFKIC  FLFCTHICITY 

Atm  'Spheric  <l'  (trlclty  includes  static  clec- 
tiicity  .in  1  I i '..Mnnig.  Hotti  can  cause  serious 
iLuii..  '.'  ,  a' d  may  interfere  witii  Uie  operation 
of  ill  ,i  ,t  vi'lin  l('.s  ( I  ig.  3-31 ) .  Alniospheric  elec  - 


Fig.  3-31.  Aircraft  damage  caused  by  static 
c.-  d’seharge  or  lightning  strike. 

Irlcity  is  discussed  in  Chapter  2.  Tlte  foUowlng 
paragraphs  are  primarily  concerned  with  the 
effects  of  static  electricity  and  lightning  on  the 
operation  of  flight  vchiclcs,/37,39,40/ 

Static  Electricity 

The  electrification  of  flight  vehicles  with 
high  static  electrical  chargjs  is  produced  in 
two  different  ways:  autogenous  electrification 
and  exogenous  ulectrilicalion,  AuLugeiious  elec¬ 
trification  is  the  most  common  form  and  usual¬ 
ly  of  the  longest  duration.  It  Is  caused  by  the 
rubbing  ol  particles,  such  as  snow,  dust,  sand, 
and  smoke,  against  the  outer  surface  of  tlie  ve- 
liicle.  Exogenous  electrification  resiuU*  from 
high  potential  gradients  existing  In  the  atmos¬ 
phere  independent  of  the  presence  of  the  flight 
vehicle.  It  is  especially  apt  to  occur  during 
thunderstorm  activity ./37/ 

Effects  of  static  electricity  include  shocks 
topersonnei,  ignition  of  fuel  and  other  combust¬ 
ible  materlalB,  and  arcing  hi  elcclrlciil  equip¬ 
ment,  Static  electricity  may  also  cause  pitting 
andruplureof  rubber  deicing  boots,  windshields 
and  oUicr  highly  insulating  materials,  such  as 
polystyrene  and  methylacrylates. 

The  principal  effect  of  static  electricity  Is 
interference  with  radio  reception.  Radio  re¬ 
ception,  particularly  in  the  lower  frequency 
ranges  below  100  megacycle?,  may  be  blocked 
out  completely  by  static  e'.cctrit  ity.  AnoUier 
related  fllglil  problem  la  tlio  blanketing  ol  atitcn- 
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n;iti  by  exliaust  pases  from  the  vrhlcle  propul¬ 
sion  Eyslem,  Tiiese  charged  giseo  make  Uic 
antenna  nonroceptlve, 

LigiitriLag 

LighLi.  ag  is  a  flisruptive  discharge  of  elec¬ 
tricity  and  may  cause  damrge  to  flight  vehicles 
during  thunderstorm  activity.  Control  surfaces 
may  develop  small  pit  marks  and  holes.  Non- 
metallic  parts,  such  as  radornes,  windshields, 
antenna  insulators  and  canopies  may  be  shat¬ 
tered.  And  tlie  vehicle  skin  may  be  burnt  and 
pitted,  with  most  of  the  damage  taking  place  at 
sharp  edges  or  the  smallest  radii  of  a  curva¬ 
ture.  Ap.i”'.  from  Uie  risk  of  trie  crew  being 
tennioi  rtj  iJy  blinded,  tlicrc  is  little  danger  lo 
humans  in  a  pi  rporly  lionded  flight  vehicle. 

Radio  equipment  is  fre<iuenUy  damaged  by 
liglilning.  Antennas  are  luuot  likely  to  be  hit. 
Unless  preventive  methods  are  used,  the  cur¬ 
rent  from  the  ligtitning  is  conducted  along  the 
:jitci.na  to  IJic  electronic  equipment  causing 
serious  damage.  Command  antennas,  fixed  an¬ 
tennas  and  dry  wirh  discharge  antennas  are  the 
types  most  often  damaged. /.I?, 39/ 


MICI'O.vlMTrlOnn'KS 


Tat’le  3-12  '-liov.  s  the  probability  of  a  mc- 
tcoriie  or  micromctcorite  liilting  the  surface  of 
a  space  vehi'  ic  and  approximately  how  deep  the 
parti!,  Ic  will  pen*  ttate  it  Uic  vehicle  sUln  Is 
m.ide  of  aJmiiimini.  Mete<)riles  having  a  mass 
(.'/  o:k;  niicroi;r<tm  and  travelling  30  miles  per 
second  will  peiivti  ate  approximately  one  mllll- 
muter  of  alumijium  .‘-kin.  However,  the  proba- 
bilits  f.i  ti  rimif'ijrite  Uiis  .size  lulling  a  space 
vehicle  i.”  veu y  sligiit.  On  Uie  oU'cr  hand,  space 
vehicle  encounters  willi  smaller  and  less  ener¬ 
getic  [.Lrticle.s,  su!'ii  as  micromot«oritcs,  woul  i 
be  more  fri;qmni,  but  Die  deptli  of  pc netratlon 

.  ...1  1  1  .......  '.J _ l.l-  _ _  ll_._  /  A  ^  An  AT,  A  A  / 


Altl-.c".i;;h  niicrometcorites  do  not  penetrate 
fiio  Liirf.ic.-  .'dun  to  any  extent,  Uicy  may  never- 
tticle;  ;■  pre.-i('i,t  ,n  hazard  to  space  vehicles, 
Micicuneiforit'  S  will  g(jUj;,e  out  .small  pieces  ol 
tl  es  'ca'  es'uri,  similar  in  effect  to  sand  blast¬ 
ing.  'I  in,'  ei O'Cioi;  'dial  re.sulis  may  change  the 
I'.e.it  trai-c;.:;'  juujtertie.s  of  flie  surface.  In  ad- 
duioi;.  il', I' energy  relua.ncKl  I'y  tlie  small  particle 
may  '  i  ,iv<’l  Dunu.rli  the  slun  and  leadlo  erosion 
on  Uj!-  iiicide  t'l  tl^e  skin. 

Anminji'  ellecl  of  micronielcorllcs  Is  tlic 
clci  u  i.Patic  iiiteracUon  between  the  particles 
and  llie  .'^p.K  c  veiiicle.  The  posiiivcly  cliargc'd 
rnirroiin  teorit!,'  particles  increase  tlie  erosion 
rale,,  of  tlic  si.m  and  may  affect  radio  comme.- 
nic  ation.  At’/ 


(jenerally,  il  a  space  vehicle  is  exposed  to 
tn  ’le  or  me  ami  mic  rorneteoritic  Ixrinbardinent 
tor  li  la;  peri  >  Is,  a  gradual  erosion  of  the  ve- 
liii  it  's  si. Ill  will  lake  plac  ij.  Hov/cver,  for  short 
dura'. I  ins,  tlie  lia/.ird  fiom  mctcorilcB  and  mi¬ 
cro:,  'leoi  lies  i:;  nei;lif;iblo  (Fig,  3-32). /44/ 
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Table  S-12,  Probability  of  Meteorite  or 
Mlcrometeorlte  Hitting  1000  ft^  of  Sarfaco, 
and  Its  Penetration  of  Aluminum  /42/ 


Mass 

(gm) 

Kinetic 

energy 

Probability 
of  1  hit  per 
24  huurs^ 

Depth  of 
penetration  of 
alumlnum(ctn) 

1.25 

1.0x10^^ 

1.2x10"® 

10,9 

0.50 

4.0x10^^ 

3.1x10"® 

8.0 

1.98x10'^ 

l.CxlO^^ 

7.7x10"® 

6.9 

7.9x10"^ 

6.3x10*^ 

2.0X10"’ 

4.3 

3.1x10"^ 

2.5x10^^ 

4.0x10"’ 

3. IS 

1.2x10“^ 

1.0x10^^ 

1.2  X  10“® 

2  3 

5.0x10'^ 

4,0x10^® 

3,1x10"® 

1.7 

2.0xl0‘^ 

1.6x10^® 

7.7x10"® 

1.3 

7,9  xlO”"^ 

6.3x10^ 

2.0x10"® 

0.93 

3.1xl0~* 

2.5x10® 

4.9x10"® 

0.G9 

1.2x10"* 

1,0X10® 

1.2x10"* 

0,51 

AU 

4.0x10® 

-  -  -*-4 

J.IXAU 

0,57 

2.0x10"^ 

1,6x10® 

7.7x10"* 

0.27 

7.9  X  10’® 

6.3xlo! 

2.0X10"® 

0.20 

3.1x10"® 

2,5xlo'^ 

4.8x10"® 

0.16 

1.2x10"® 

1.0  xio’ 

1.2x19"^ 

0.11 

♦For  vehicle  operating  outside  of  Earth's  atmosphere 
{From  "Meteoretlc  Phenomena  and  Metoorltes",  by 
Fred  L.  Whipple,  In  Physics  and  Modiolno  of  the  Upjrer 
'Atmo.sphero,  edited  by  Clayton  S.  White  and  Otis  O, 
Benson,  copyright  1952  by  the  Lovelace  Foundation, 
jnibiisnou  by  univorBity  of  New  Mexico  Press,  Aibur- 
querque). 
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liADIATION 

_  Exposure  to  large  amounts  of  radiation  In¬ 
duces  changes  In  most  materials.  From  tlie 
standjxjlnt  of  proper  operation  in  military  sys- 
-tems,  these  clianges  are  generally  harmful.  It 
should  be  pointed  out,  however,  that  some  ra¬ 
diation  Incfuccd  changes  are  Ixmeflciai.  For 
example.  Uie  yield  strengUi  of  a  metal  and  tiiC 
tempei  ature  resistance  of  polyethylene  may  be 
Improved  by  Irradiation. 

Cosmic  Radiation 

To  date,  little  In  the  way  of  Induced  effects 
can  be  attributed  to  cosmic  radiation  cncouiiter- 
ed  In  space  operations.  However,  two  effects 
may  be  postulated; 

1.  Radiatloti  damage  of  a  permanent  nature 
In  less  resistant  components,  such  as  trana- 
islors. 


I 
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2.  Cliort  term  Ionization,  wMch  may  cause 
spurious  pulses  to  lie  iiuKiced  Into  computer  or 
aiUi-i  oiMci(lcii:;c  circuits. 


The  pcrmajient  damage  that  can  occur  In 
comiKincnls  such  as  transistors  should  not  be 
too  serious.  EBtlmatcs  indicate  that  semicon¬ 
ductor  components  will  operate  at  least  5  to  8 
years  in  a  ^.uci.uc  radiation  environment  wiUi- 
out  more  tlian  a  20  percent  reduction  in  their 
oloctricai  characteristics. 

Tlio  occurrence  of  transient  ionization  ef¬ 
fects  in  Uie  form  of  random  pulses  in  transist¬ 
or  circuits  was  indicated  by  Drayner./46/  How¬ 
ever.  tiiese  pulses  did  not  follow  known  cosmic 
ray  particle  distributions.  fXie  to  this  lack  of 
correlatio.:,  *.  ti'ects  cannot  i>e  predicted  on  the 
basis  o;  availaliie  data.  It  migtit  be  concluded 
diat  ionization  eflccts  caused  by  cosmic  rays 
will  be  no  more  trouble  than  interference  from 
otlior  sources,  fliotomultiplier  tubes,  however, 
niayl.Mi  an  exception.  Cosmic  radiation  striking 
UiccaUiode  will  produce  a  great  number  of  elec- 
trun.-,.  Tiie  elocliuns  vull  cause  instantaneous 
satuiMtionof  tlielulu',  resulting  in  a  noise  pulse. 

Cosmic  radi.ition  damage  to  structural  ma¬ 
terials  will  be  tiugUgible. 

Sol.ir  it:i/Jiation 


Solar  raciiation  causes  beating,  which  results 
intiic  ijrc iikcli'-'.-.m  of  c omiile A  rnol Gc ulcs  that  make 
up  materials  such  as  paints,  lacquers,  rubbers 
ami  plastics.  J  iic  extent  to  which  heating  takes 
ttlacc  di'pcnds  on  Utc  tioal  transfer  characterls- 
li(  s,  till  imai  cmi.'U'ity  and  aljsorpUvc  proper¬ 
ties  1^1  1.1,0  objiwi  or  materitd. 


Solar  radiati  ii'  is  also  ro.sjxiiisible  for  many 
of  the  p I'ocessc.s  in  Die  Earth’s  atniosphore. 
Ult r.iviolot  I'adi.ilinn  causes  ioiii;  ilion  of  atmos¬ 
pheric  nin  o;;  .,  as  well  as  ionization  and  dis¬ 
social  ..i;i  ui  oxyiten.  X-rays  emitted  by  the  sun 
are  ab:,  ji  hod  |  y  Uic  iiartirs  upper  atmosphere, 
p-.jcJ.n  i:;.-,  iiie  i'cii.c’d  layeo's. 


Nu'  b  .11  nadi.it  'jii 

'Ihc  exp:-. •.dan'  use  of  atomic  energy  in  mi- 
lilar;.  i.  systcni.s  makes  it  necc.ssary  for 

Uie  'it  dos ii'.iie'r  to  know  Uie  effects  of 

nu' b  ai  m  on  vaiiou.s  materials,  compo- 

rnaa.'.  anu  sy.’,l‘-’ns. 

l  lo;  mn.  leal'  .-aili.ition  emanating  from  a  re¬ 
al  lor  i  i:i si.'-'.! s  'it  last  cculrons,  slow  or  thermal 
ncut  r '  'lis,  camma  piiotoii.s  or  fpiinma  rays,  and 
I'l  ia  I I '  ;cl'.'.s.  I  hcaliilia  p.i rt ' clcs,  beta  parl- 
ii  1'-.'^  .md  le-sioii  I H  are  genei  ;dly  con- 
tai'H  d  ,1  oiii'i  II  I-  r'-.'ul'ii-  core,  or,  if  encounler- 
t-d  u-,1  o.!--  Uu-  I  cactor,  Ihe-ir  eiie-i  gy  lias  been 
att'-ii  -  I'.r.l.  Till  the  following  paragraphs 

are-  i  lu  i  riu  d  only  will'  ihe  cflecls  of  high  en- 
t-rp^  i-'UiOrir:  a"d  ('.'I’nin a  ra}.s. 

Unit  _ . i n d Cl e r .s  10:1  racl  'r.'i 

A  |■,-ll!lll  m  th.ii  ai  isi'S  in  u'd.)!',  ;uid  evaluating 
inful  mall. >n  from  \-ario-j.s  studies  on  ttie  effects 
of  n-'  i'-ir  r.rii.ili'tn  is  lh(-  fai  t  that  die  invest- 


VIsuQl  Mognitude 

Fig.  3-32.  Meteorite  lntetielty./45/ 


igators  express  their  results  In  dllferent  uiuto. 
Although  the  true  physical  unit  fo*"  radiation  In¬ 
tensity  Is  incident  radiant  enervy  per  unit  area 
per  second,  ejcposures  are  often  reported  in 
terms  of  the  rate  of  energy  absorption  or  ion 
production  In  a  standard  reference  material. 
Thus,  the  roentgen  and  the  rep,  defined  as  the 
radiation  Intensity  required  to  produce  a  speci¬ 
fied  ionization  in  air  and  a  specified  energy  ali- 
sorption  in  tissue,  resoectively,  have  been  em¬ 
ployed  as  measures  of  radiation  exposure  for 
other  materials  and  applications.  Various  units 
are  also  used  to  express  the  energy  absorbed  by 
a  material,  with  ergs  per  gram,  rads  and  elec¬ 
tron  volts  per  gram  being  the  most  common. 


Some  degree  of  uniformity  has  been  achlevea, 
with  most  investigators  now  expressing  neutrons 
In  terms  of  flux  (  ft  ),  which  is  the  neutron  (n) 
multiplied  by  the  average  velocity  (v),  or  ^  =  nv. 
The  associated  time  exposure  is  integrated,  and 
the  total  hitegrated  neutron  flux  is  written  nvt 
(n  -  neutrons  per  cubic  centimeter;  v  =  centt- 
melers  per  second;  and  t  =  seconds). 

Another  slept  toward  uniformity  In  expressing 
nuclear  radiation  data  Involves  tlie  terms  for 
reporting  gamma  exposures.  Previously,  they 
were  extensively  described  in  roentgens,  or 
photons  per  centimeter  equarod  per  second. 
More  recently,  in  attempting  to  report  measur¬ 
ements  by  metJiods  ttiat  do  not  Involve  unneces¬ 
sary  assumptions,  investigators  have  been  re¬ 
porting  gamma  exposures  In  terms  ol  carbon 
dose,  which  has  units  of  erga/gm  (C). 
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A  lial  of  conversion  factors  for  comparing 
piiclcar  radiation  data  from  various  sources  Is 
given  in  TabK,  3  13. 

Materials 

EJoC  meric  iUiJ  Plastic  Materials. /47. 48/ 
Elastomers  i-,u  plastics  are  primarily  organic 
materials.  They  consist  of  carbon  and  hydrogen 
atoms  bound  together  by  covalent  bonds  that  are 
easily  disrupted  by  nuclear  Irradiation.  How¬ 
ever,  all  Uie  properties  of  a  polymer  (elast¬ 
omeric  and  plastic  materials)  are  not  affected 
to  tlie  same  dcttrce  by  radiation.  For  example, 
some  elastomers  may  fail  more  rapidly  by  loss 
of  tensile  itecngUi  under  Irradiation,  while 
othcrc.r.ay  >.a.\l  by  loss  ol  compressive  strength 
or  development  of  a  compression  set.  It  is 
Uierefore  important  to  know  the  radiation  dos¬ 
ages  required  to  damage  spectfic  properties  of 
polymers.  Tallies  3-14  and  3-15  show  the  ef¬ 
fector  radiation  on  some  of  the  more  commonly 
used  elastomers  and  phestics.  These  tables  list 
radiation  dosages  at  wliich  threshold  d.imagc 
orcuts  and  25  percent  damage  has  accrued. 
Thresi)old  damage  occurs  wticn  at  least  one 
physical  property  begins  to  change,  while  25 
percent  accrued  damage  occurs  when  at  least 
one  iihysical  propcity,  sueii  as  tensile  strength, 
has  ciiangcd  by  25  percent.  Figures  3-33  ana 
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3-34  also  show  the  effect  of  radiation  on  selected 
'  plastics  and  plastic  laminates. 

—  In  general,  plastic  materiids  are  more  re¬ 
sistant  to  radiation  damage  th^  are  elastomers. 
Plastics  may  be  exposed  to  10°  to  ergs/gm 
'  -Irradiation  before  a  physical  change  appears , 
v/hlle  elastomers  can  only  aljsorb  dosages  of  up 
to  10**  ergs/gm  before  being  damaged.  Most 
'-^elastomer  s  tend  to  Increase  in  hardness  when 
Irradiated.  Butyl  and Th lotto!  rubbers,  however, 
will  soften  and  become  liquid  with  Increased 
radiation  dosages.  Natural  rubber  is  the  most 
radiation  resistant  of  all  the  elastomers.  It  re- 
.  tains  Its  elongation,  strength,  resilience,  flexi¬ 
bility  and  abrasion-loss  better  than  any  other 
elastomer. 


—  Of  all  the  plastics,  the  rigid  plastics  are  the 
more  radiation-resistant.  Some  of  UiC  rigid 
"materials,  such  as  polystyrene  and  mineral  filled 
phenollcs,  may  be  exposed  to  dosages  of  almost 
10*-^  ergs/gm  and  only  when  will  25  percent 
damage  occur.  On  the  other  hand,  some  plas¬ 
tics,  such  as  Teflon  and  unfilled  polyesters,  will 

become  degraded  at  dosages  of  10^  or  10^  ergs/ 
gmto  the  extent  that  they  will  be  unserviceable. 

Polyethylene.  Polyetiiylene  Is  one  of  tlie 
more  radiation  resistant  plastics.  It  is  unaf¬ 
fected  by  dosages  of  up  to  1.9  x  lO'-*  ergs/gm. 
However,  at  higher  radiation  dosa{;os,  poly¬ 
ethylene  becomes  a  flexible,  rubbeiTike  mater¬ 
ial  and,  with  continued  radiation,  it  becomes  a 
crossllnkcd  material  that  is  somewhat  brittle. 
At  a  dosage  of  9.3  x  lO'-*  ergs/gm,  tlie  overall 
me'-hanlcal  properties  of  polyetiiylene  are 
changed  by  25  percent.  Tensile  slrciigtli  in¬ 
creases  at  first,  but  “t  approximately  1.1  x  10’" 


1.1  le  3-15.  ndaUvo  Radiation  Stability 
ol  Plastics  /'IV/ 


erf,.;  i.i;),  ii  to  tleei  easc  and  is  25  per¬ 

cent  i  ’.v'T  tluiii  the  i.iili.'U  value  at  npproxinial- 
ely  lo’  -  cri^  V.iii,  rolvelliylene  i.^Jairly  stable 
in  ii.s  i  Leslie  niiKlnlus  value-s.  Polycttiylencs 
eont.i.iiun:;  <arl*iii  black  have  a  liiflier  density 
ancl  ai '•  sii.;htly  more  ro.sistiuit  to  nuclear  ra¬ 
diation  i.i.ui  standard  polyciiiyienc./47/ 

riuu-  lei.ii ed  I'ld vine r.s.  Fluorinatod  mater¬ 
ials  o-c  jionr  st.il'Tlily  to  nuclear  radiation. 
Mu'irncitcd  pul/mcrr,  such  as  Viton-A  and 
Tfilon  are  .eerieu.uly  dof.raded  by  relat  ivcly  low 
tad  ,iii  'll  ('.xp  i;un-e  ilo.sar.e  ot  1  \  10-'  and  5  x 
b'  '  ei  i.  ;  i.ni,  re.spectivcly.  Tlie  poor  slai'illty 


Dose  Rote,  ercs/gmlcVtv 


Fig.  3-33.  Radiation  stability  of  selected 
plastics. 


Dose  Rote,  ergs/gm(c)/hr  (Co*®  Source) 


Fig,  3-34,  Effect  of  radiation  on  glass  fab¬ 
ric  reiniorced  plastic  laminates. 


to  irradiation  results  because  these  polymeip 
are  not  cross  linked.  When  the  polymers  are 
subjected  to  nuclear  bombardment,  the  fluorine 
atom  is  knocked  off  and  in  turn  reacts  to  break 
a  caibon-to-carUm  link.  This  causes  a  low¬ 
ering  of  tJie  tensile  strength  and  hardness  of  the 
materlal,/49,50,5l/ 

Metallo-Orpanlc  Compounds.  Metallo-organ- 
Ic  compounds,  such_  as  boron,  phosphoros  and 
silicone  polymers,  arc  resistant  to  both  high 
temperatures  and  nuclear  radiation.  Elements 
ol  low  atomic  weights  are  generally  more  ra¬ 
diation  resistant.  When  an  element  such  as 
boron,  atomic  weight  10,  Is  coupled  by  means  of 
gamma  radiation  with  a  polymer  such  as  poly¬ 
ethylene,  which  Is  also  radiation  resistant,  the 
combined  materials  are  less  affected  by  radia¬ 
tion.  Mctallo-organtc  compounds  arc  still  under 
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development  and  very  little  data  are  available 
ri'Dce  riiinj;  Uieir  radiation  effects./52j53/ 


Oi'jianic  Heat  Transfer  Materials.  The  terp- 
Inaivis  are  least  affeeted  by  radiation,  and  ai*6 
Iho  preferred  elase  of  organic  heat  transfer 
iiiat<^r>''.lf<  at  hi"h  temperatures.  The  density, 
viscosity ai.J  .'.~..~l“„-n-hydrogen  ratio  of  the  terp- 
henylc  ijicr  ease,  and  the  nieitiiig  point  decreases 
with  increased  nuclear  irradiation.  The  terp- 
hcayls  will  become  unsuitable  for  use  as  a  heat 
transfer  rricdiutii  when  expo^d  to  a  nuclear 
dosage  of  4  X  10' ^  crgs/gni. 

Mono-isopropylbiphenyl,  biphenyl  diphenyl 
ether  and  sdicc.te  psiero  also  are  lillJe  affected, 
by  rauiAtion.  Mcno-isopropylbiphenyl  becomes 
unsuilalnc  as  a  heat  transfer  medium  only  when 
2  X  10^^  erg.s/gm  are  absorbed,  and  both  bi¬ 
phenyl  and  silicate  esters  become  unsuitable  at 
1.4  .X  10'-  erg.s/(:m.  Tlie  density,  vlcoslty  and 
carlHin-hydr'.'gon  ratio  of  tliis  group  increase, 
and  the  melting  point  decreases  wlUi  Increasing 
dcconipositk)!!. 

The  least  suiiab’e  for  use  as  heat  organic 
inatcrial.s  are  ethyleneglycol,  chlorinated  dip- 
hervLs,  DC-710  silicone  and  phosphate  esters. 
They  bc(  onie  rapidly  degraded  at  nuclear  ex- 
po.vurcs  a-';  )■;•>'  as  10*"  ergs/gm. 


The  physical  changes  due  to  irradiation  vary 
Loii.siderabl>  with  molecular  weight.  1..0W  mo¬ 
lecular  weight  polymers  are  usually  loss  affect¬ 
ed  l.y  nuclear  ce:[)osurc. ''54/ 

-Siiuetural  Metals.  In  gciieral,  any  property 
of  a  mc’t.il  laal  depends  on  plastic  flow  may  be 
.affccto.l  iiy  .riadialicn  with  last  neutrons  In  In¬ 
tegrated  flux  levels  above  10lt>  nvt.  Yield 
stren'’,lJi  may  increase  up  to  450  percent  for  ar 
ne.tlcd  nn  i.ilb  and  to  a  lesser  extent  for  cold- 
woi  l;(’d  met.ds  or  metals  slrengtliened  by  heat 
1 11, a; iiieni .  The  ductility,  measured  by  percent 
I  h  n  (,;  a  metal  is  lowered.  Loss  of  duc- 

tii'.y  (  a.”,  range  from  one-fifth  to  one-tlilrd  or 
in  i'.-e.  Ti.eliardjie.'js  of  a  inetaJ  may  be  incrcas- 
cu  '.V  as  nun  ti  as  100  B!in  after  exposure  to  ra- 

dia'  1011,55/ 

O  Jiei  eiToris  of  radiation  on  metals  arc  an 
int  I  ase  in  electrical  resistivity  of  generally 
b  -•  i'  .i?'  In  I'.'icent,  anti  decri’aso  in  density  of 
T  ,--  1  ;.ei  0.'./  I  em  ent.  Very  little  change  due  to 
ra  l'itrm  is  in'led  in  Uie  Uierinal  conductivity 
ar  1  U  ei  ii’  )( lectric  pniperties  of  metals. /b5/ 
1.”  !e  5-lh.si:ow.s  wlial  [■.ropcrlics  of  metals  are 
ali'tind  by  irradiatinn,  and  Tables  3-17  and 
■  i- 1 .siuc.v  I'.i  Ai,  Some  ol  these  properties  arc  af- 
It'. 'ttl  111  iaiioiis  structural  metals, 

t  at  111;:  3bgi;Hal_K.  A  protilcm  often  en- 
I  '  /■'•ti  i  tl  111  (i  'sigiiiiu’,  equipment  or  systems 
to  ;  u;-ed  in  a  lau  lear  i  adiat ion  environment 
IS  '.St  eh''U  i  cif  sa*  i.sfai  tony  coatuig  materials. 


Table  3-10,  PropcrtloR  of  Metals  Affected 
by  Uadlatlon 


Prope  rty 

Efiuot 

Tensile  strength 

Increase 

Ductility 

Decrease 

Hardness 

Decrease 

Impact  strength 

Docrease 

Electrical  resistivity 

Increase 

— 

Density  _ 

Decreased  moderately 

Thermal  conductivity 

Decreased  luuderalely 

Dimensional  stsfolUty 

Affected  moderately 

Elastic  constants 

Little  or  no  cha  ;:ee 

'' 

Creep  strength  ~ 

Little  or  no  ohaage 

Fatigue  strength 

Little  or  no  change 

Damping  capacity 

Little  or  no  change 

Diffusion  coefficient 

Little  or  no  change 

Thermoelectric  emf 

Little  or  no  change 

Corrosion  reslst^ice 

Little  or  no  change 

Internal  friction 

Little  or  no  change 

Mlcrostructural  Imd  phase  transformations  are 
possible  In  some  systems. 

__  Various  coatings  and  their  susceptibility  to  ra¬ 
diation  damage  are  as  loUows: 

~  Satisfactory  to  ergs/gm  (C) 

Phenolic  coatings  lMIL-R-3043) 
Slllccne-alkyd  enamels  lunbaked) 
Alkyd-enamels  (M£L-E-5557,  40% 
phthallc  anliydrlde) 

Rirane  coatings  (aJkaloy-550) 

Satlsfactrirv  tn  10^*^  eres/irm  fPl 

Nitrocellulose  lacquers  (Black) 

Alkyd  enamels  (3?%  phthallc  anhydride) 
Kel-F  elastomer  coatings 
Slllconc-alkyd  enamels  (baked) 

SLltcone  enamel  (baked) 

Epoxy  enamel  (baked) 

Satisfactory  to  10^  ergs/gm  (C) 

MlL-C-8514  wash  primer 

Glass.  At  a  dose  of  10®  ergs/gm  of  ganima 
radiation,  most  glasses  develop  a  brownish  col¬ 
or.  At  a  dose  of  10”  ergs/gm,  many  optical 
glasses  he  :oiiie  so  darkly  colored  tliat  trans¬ 
mission  of  light  through  tlie  glass  Is  severely 
reduced.  At  dosages  over  ergs/gm,  tlie 

discoloration  of  tlie  glass  reaches  a  saturation 
point.  11  t;  a  radiation  dosago  Is  Increased,  dis¬ 
placement  and  transformation  of  atomic  nuclei 
In  Uie  glass  may  cause  fracture  or  pliysical 
disintegration.  Silica  glass,  Pyrea  glass  and 
plate  glass  generally  Increase  in  dencity  after 


Ta’nlc  3-17.  r;ffects  of  Radiation  on  Tennile  rropertles  of  VurlouB  Metals  /55/ 


Materl.il 


Tantalum 
Tuni'Kten 
Taiitung  <j 
QMV  beryllium 
:tr)0  aliirninum 
j  1 00  .aluminum 
Copj^er 
Nicltcl 

Ti  :_;;iuril  (Ti-7; 
Zi  fconium 
I  run 

Mi.IvlKl.'num 


Integrated 
neutron  flux 
(10^^  nvt) 


5. 

240(F,' 

■240(?') 

210(F) 

20-70(S) 

- 0(S) 

0(S) 
20-70(S) 
20-70(S) 
20-70(S) 


Yield  strength 
(1000  pal) 


Before 

radiation 

Change 

Before 

radiation 

- 

- 

60 

- 

- 

153 

- 

- 

73 

24.5 

- 

35.7 

24.1 

+  18.3 

32.4 

18.4 

+  4.8 

20.3 

9.5 

+42.5 

35.3 

10.3 

+  46.3 

52.6 

Cl, 5 

+  43.0 

82.2 

12.7 

+  17.2 

36.1 

13.4 

+  26.4 

35.0 

9fl.l 

+  53.6 

99.8 

- 

- 

86.0 

Tensile  strength 
(1000  pal) 


Change 


+11) 

-36 

—4 

+  16.7 
+11.9 
+C.7 


Elongation 

(percent) 


Before 

radiation 


Chanee 


-4 

G 

-1 

-1.2 

-2.3 

+  3.2 

-29.4 

-23.1 

-ii,7 


(I  )  1  1st  Neutrons.  (.S)  slow  neutrons. 


T.ihle  .1-ls.  Effects  of  Radiation  on  Hardness  and  Density  of  Various  Metals  /55/ 


I  t,i  ;i.m 

Ton);  -  'v'li 

'i'  o  1  J.')',  Cl 

(,:MV  Neryil 

I'l  .1  I'lio  i  I  ll 
]  1 

C  -I- 

N,-  '  -I 
"A"  Niehel 

■:  i'lin  (•' 


Integrated  neutron 


20-7nii) 

2()-7n(F) 

3. .3(1) 
2O-70(r) 
20-7(1(1-') 
20-7(1(1’) 
20-70(1  ) 


Hardness  (Bhn) 


Density  (gm/cm  ) 


Before  radiation 

Change 

- 

-0,10 

-0.15 

_ 

-0.20  to  0.25 

1.847 

0 

— 

2.665 

-0.02 

2.713 

-0.004 

— 

8.894 

-0.07 

• 

■ 

- 

- 

— 

• 

- 

8.836 

-0.0-5 

.  _  i 

irrii(ii;ilion.  Hovever,  Irradiation  causes  no 
measurable  change  in  U'.o  tliermal  conductivity 
of  i;!as3./56/ 

r.ttfgiictlc  Materials.  Strocturo-sensltlve 
propeiTTes  of  magnetic  materials,  such  aa  per¬ 
meability,  remanence  and  coercive  force,  are 
affected  by  nuclear  irradiation.^  These  effects 
MI  C  mo«t  nerioup  in  the  high  nickel-iron  alloys, 
sucti  as  jpfci  il'jv,  winch  hpve  the  highest  per- 
moaoi.ities  ai'.d  lowest  coercive"  forces.  When 
exposed  to  a  dosage  of  lOtf  ncutrons/cm2,  the 
permeability  of  I’crmalloy  ts  lowered  by  93 
percent  and  Uic  low  coercive  force  Is  Increased 
hlh  percent.  Permalloy  also  sliuwa  a  change  In 
Ute  hysteresis  ioc'p,  Indicating  a  deterioration  of 
tlie  material.  The  properties  of  50  and  48  nlck- 
el-ir(jii  alloys  are  less  drastically  effected  by 
irradia'icn.  The  most  radiation-resistant  mag¬ 
netic  alloys  are  the  fiUicon  irons,  aluminum 
irons  find  2V  Pernicndur  alloys.  Properties  of 
magnetic  materials  that  are  not  structure- 
sensitive,  such  as  magnetic  saturation,  are  ge¬ 
nerally  not  seriously  affected  by  exposure  to 
nuclear  r  a  di  a  t  i  on .  / 5  7 , 5  3  / 

FfU'crcjcal  Iiisulating  Materi^s.  The  most 
imporUiiL  effect;;  ol  ni^car  radiation  on  orga¬ 
nic  p'-lymcrs  uscvi  as  insulating  materials  aie 
ioni/at  ion  and  excitation  of  molecules.  The  mo- 
lecuJ  es  under  Ijombarclmcnt  induee  a  series  of 
complex  ciieinical  cliaJigcs  tlial  alter  polymers. 
T!;c  ir.osl  'i'.p'irUmt  chemical  reactions  are 
chain  cleavage  and  crosslinkage.  The  breaking 
of  c';!''-mc:Ll  t>mds  and  tiic  accompanying  side 
reacti'.ins  make  polymers  susceptible  to  attack 
from  tlic  atmospiierc.  Ozone  and  nitrogen  may 
comi'inc  chemic  ally  with  a  polymer  aJid  destroy 


T.ihlo  a-ie.  IP  si:  tivity  of  Organic  Insulators  After 
P.'Mjt.ir,;  I'qui,;')iiuiTi  o'  orgs/gm-lir*  /60/ 


(jrigina) 

Alter 

I  t.  sistivity 

cqniilibrium 

fc.  it'U  r.i'i 

oh  in -cm 

ohm-cm 

’■o’y- 

'•^y*  j.pp 

9:? 

1  X  10" 

20 

1,43  X  iO 

ti  i- , 

An.' 

'  ,  I'l  M'  'i 

21 

2  X  10 

17 

l,0t>  X  10 

Ar  •  ■' 

■■  »  ”  llllT  1  . 

21 

)  \  10 

1.00  X  io'° 

Pf.'i/ .. 

y  r  dvj 

•  i'> 

1  X  I0-“ 

l.f!!  X  10^*^ 

I  P,;-  i 

■;  .  i  '<  il  r  .]'i  x 

1  X  lO'’" 

2.5  X  10*® 

11  -• 

.  i.-i'd  ].'  1 

1  X  1C‘”’ 

X  lo”^ 

!•(■  j  ■ 

Ul'l  '  H.  I 

'’0 

1  X  10*' 

1.25  X  10*® 

I'm’'. 

'  i  irii  ”  .  '.ir  !(  ;u,- 

X  lo’-' 

1.25  X  10*® 

I’ci  ■ 

e  .  I"' 

2  X  in*^" 

,5.25  X  10*® 

*  I '■  ''  1  ■  1  Hu  1 1 . ;lu  ili.i*  tlu-  ;il)!;L'r|ition  in 

'  "I  1  i  'u  |ii|u’n  is  (ujuivab  nt  (oPT.l  ergs/fjm. 

t  I  ■  I  "'i-.i :  ■  I  I"  I  ('.icli  I  'l  iiIiIh  run  is  different  for 

^  '  f  lO’ ’it  •  1  i s  . 


Table  3-20.  Breakdown  Exposure  Doses  of 
Orgaidc  Insulators  /59/ 


Insulator 

Breakdown  exposure  dosage 

(nBUlrons/cm^) 

Polystyrene 

1X10**® 

Polyethylene 

lx  10*® 

Silastic  80  ” 

1  X  10*® 

Sll-X 

0  X  10*® 

Teflon 

5  X  10*® 

Silicone  rubber 

4  X  10*® 

-- 

Neopi-ene 

3  X  10*® 

Formvar 

2  X  10*' 

Polyvinyl  chloride 

1.9  X  10*® 

— 

Rubber 

1  fi 

1.3  X  lu 

Kel  F 

1x10*8 

- 

Suprenar.t  A- 1C 

1  X  10*^ 

Suprenant  R-2 

5  X  10*® 

its  usefulness  as  an  Insulator.  In  particular, 
the  absorption  of  water,  either  on  Uie  surface  of 
an  Insulator  or  in  cracl.s  within,  may  cause 
electrical  leakage./59/ 

The  various  chemical  reactions  are  accom¬ 
panied  by  changes  In  the  physical  properties  of 
polymers.  For  example,  j^lymers  may  become 
softened  and  have  greater  solubility  as  a  result 
of  chain  cleavage,  and  tensile  strength  and  melt¬ 
ing  points  may  decrease.  Crossllnklng  causes 
hardening,  an  Increase  In  strength  and  melting 
point,  an  Increase  In  density  and  a  decrease  in 
soluhllity.  The  electrical  resistivity  of  all  po¬ 
lymeric  materials  graierally  decreases  after  ex¬ 
posure  to  nuclear  radiation.  However,  Uie  de¬ 
crease  in  resistivity  Is  small  In  comparison 
with  the  original  resistivity.  Table  3-19  shows 
the  original  resistivity  of  various  pclymcrc  and 
their  resistivity  after  reaching  equilibrium. 

In  general,  the  electrical  failure  of  organic 
insulatoi  s  is  usually  due  to  physical  and  mecha¬ 
nical  deterioration.  Cracking  and  flaking  oi 
brittle  polymers  or  excessive  weakening  and 
bubble  formation  in  softened  polymers  fii.aliy 
lead  to  breakdown.  Table  3-20  lists  Die  ac¬ 
cumulated  exposure  doses  at  which  insulators 
may  be  expected  to  fail.  In  evaluating  the  data 
in  Table  3-20,  it  should  be  noted  that  an  insu¬ 
lator  exposed  fo  nuclear  radiation  nuiy  serve 
satisfactorily  at  one  voltage  and  frcqui  nev  but 
fall  under  different  operating  conditions. /5'J, CO'' 
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Inorganic  rr.aterials  arc,  in  general,  much 
more  resistant  to  radiation  damage  Lliaji  are  or- 


fjariic  substiulccs.  Atomic  displacements  ac- 
coi.nt  for  nearly  all  the  permanent  damage  In 
Lnor^:anlc  insulatora,  causing  changes  In  the  lat¬ 
tice  parameters,  deaslty, strengthand  electrical 
properties.  The  density  of  crystalline  Insula¬ 
tors  decreases,  while  the  density  of  amorphous 
Insulator^  suen  as  fused  quartz  and  glass,  In¬ 
creases.  There  ic  also  a  strong  photoconductlve 
effect  accci.^.,-' ciyrng  the  nuclear  irradiation  of 
most  Ii'orgai’.ic  ceramics.  Tlie  threshold  flux 
for  detectable  radhatlon  damage  of  Inorganic 
materials  is  as  follows: 


causing  permanent  ctianges  In  conductivity  and 
minority  carrier  life  time. 

Mechanism  of  Semiconductor  Damage.  Ex- 
periments  havelndlcaledUial  radlall^ exposure 
affects  conductivity  and  Hall  coefficient  much 
more  than  can  be  attributed  to  impurities  intro¬ 
duced  by  transmutations.  It  was  therefore  con¬ 
cluded  that  tlie  displacement  mechanism  Is  the 
source  of  most  damage  in  semiconductor  ma¬ 
terials.  However,  for  completeness,  transmu¬ 
tation  effects  are  also  described. . 


Meta's  10l9  n/cin^  (fast  neutrons) 

Cer.amic  10l'^n/cm2  (fast  neutrons) 

(e,\('cpl  glass) 

Glas*’  lu^  erg5/gra(C)  (gamma  rays) 

/ri9/ 

Dielectric.  Materials.  Little  change  In  the 
phvL’i*  al  or  wectricaJ  properties  of  dielectric 
ni.it crhils  .b.-is  liecn  ob-sez-ved  below  a  dosage  of 
lOb”’  ncuirons/cm^.  Above  Uiis  dosage,  some 
physiciil  properties  may  begin  to  deteriorate, 
llov  ever,  tl’.e  cloctrical  properties  of  many  di¬ 
electric  nialerialH,  sucli  as  polyethylene,  po¬ 
lystyrene,  Tefion,  fuyod  quartz,  "nylon  and  pneno- 
lorr.ulclotiyde,  arc  rclalivei)  unaffected  for  dos¬ 
ages  of  up  to  5  X  r.eul"ons/lem^. 712,17/ 


In  I'oaer:  a'jcie.ar  radiation  affec:ts  the  phy¬ 
sical  properties  rattier  I  han  tlie  electrical  pro- 
porii'.'s  of  diuieclric  materials.  Embrittlement 
in  f  olid  dielectric  materials,  transformation  of 
a  li'Kiid  ciiiU'.etric  to  a  gel,  loss  of  flexibility, 
a"d  eliaiii^c.s  in  ttiermal  conductivity  cause  ma- 
clianii  a!  dolcrioralion  of  the  dielectric  iraiterial. 


For  cxiUTiple,  polyeUiylene  and  nylon,  wiien  ex- 
pos'-d  to  a  do.saqc  of  IQl'j  ncutrons/cm^,  have 
dcci  eased  impact  filrengUi  and  become  so  brittle 
Lliat  p.iit.s  o  U'.e  material  ctiip  off.  However, 
very  little  degrad.ilion  of  Uicir  electrical  pro- 
pert  takes  (dace.  Tiic  effects  of  nuclear  r.a- 
diation  on  Uu  (itiysicaJ  properties  of  inorganic 


itif,  OULU  diu* 


min  1,  Zircon  and  glass-lKjnded  mica,  are  less 
sevi.re.  Ifowei'cr,  electrical  resistivity  and  dl- 
eiec'rit  si-Z'^ngUi  may  decrease,/52/ 


Si. inn  ondiK  tor  Materials.  Radiation  causes 
two  tiil'Cl.i  c’l  .si'niicunductors;  transient 
ciiaiijje.s  in  electrical  properties  and  permanent 
i  iiiuim.'S  ji' nimaic  .structures.  Transient  effects 
ari.^i''  from  tJie  ionizaliun  caused  by  energetic 
(j'uiton.s  or  cliarged  (larlieles,  such  as  electrons, 
tea.  ersmy  Ue.'  material.  This  ionization  Injects 
(xc  s.i  mipority  carriers  into  the  material  and 
can  izi'.  e  ri.se  to  "electronic  noise"  in  senilcon- 
duc  tordcvici Trans icntchanj^es  are  also  pro¬ 
duced  ill  surl.ice  recombination  velocities. 


PcrnMiienl  ctianges  in  atomic  stiaictures  may 
nciur  d.icto  introduction  of  delects  in  the  crys¬ 
tal  lattice  in  ttic  form  of  interstitial  atoms  and 
vac  aiKii's,  or  tiy  transmutation,  wtiich  results 
from  I'.ipUire  of  Uier.nial  neutrons  by  the  atoms 
of  the  material.  Motli  of  these  processes  Intro- 
diK  c  new  levels  into  Uie  forbidden  energy  gap. 


New  energy  levels  are  caused  by  the  intro¬ 
duction  of  impurities  into  the  crystal  lattice  as 
a  result  of  raaioactlvo  decay.  These  impurities 
mostly  influence  the  conductivity  of  the  mater¬ 
ial.  The  transmutation  atom  may  emit  enurge- 
tlc  Ijeta  particles  of  gamma  pliolons. 
secondary  radiation  that  may  be  caoaJila  of 
causing  displacements. 

When  incident  energetic  particles,  such  as 
neutrons  or  electrons,  collide  with  lattice  at¬ 
oms,  they  may  Impart  sufficient  energy  to  cause 
a  recoil  to  a  displaced  Interstitial  site.  This 
results  In  an  interstitial-vacancy  pair.  If  the 

—  primary  recoil  receives  sufficient  energy,  sub¬ 
sequent  collisions  may  occur,  producing  second 
ary  and  tertiary  displaced  atoms.  Thus,  many 
lattice  defects  result  from  the  collision  of  a 
single  enorgetlc  pzrtide  v,'ith  ^  lattice  SLiciTi* 

..  This  reaction  may  result  from  any  of  the  fol¬ 
lowing  processes. 

1.  Elastic  collision  with  the  nucleus. 

2.  Coulomb  interaction  with  the  nucleus 

'■  (Rutherford  scattering),  ^ 

3.  Elastic  coUlsion  with  the  atom. 

The  first  process  occurs  when  an  uncharged 
^  particle  such  as.a  neutron  la  involved.  The  se¬ 
cond  results  from  a  charged  particle  having 
sufficient  energy  to  penetrate  the  charge  bar- 

. _  rier  of  Ihe  electron  cloud  of  the  iaitice  alum. 

And  the  third  process  takes  place  when  the  en¬ 
ergy  is  not  large  enough  to  penetrate  the  cliarge 

-  barrier.  Charged,  particles  may  also  lose  en¬ 
ergy  by  electrostatic  Interaction  which  ca*>sps 

__electronic  excltaL'on  and  ionization  of  the  lat¬ 
tice  atoms. 

“  Gamma  photons  Interact  with  orbital  elec¬ 
trons,  producing  photo  electrons  and  compton 
~  electrons, which  In  turn  may  have  sufficient  en¬ 
ergy  to  cause  atomic  displacements.  However, 
gamma  photons  do  not  cause  atomic  displace¬ 
ments  directly.  Electrons  generally  do  not  have 
sufficient  energy  to  produce  a  cascade  of  dis¬ 
placements  since  to  do  ec  they  must  have  en¬ 
ergies  in  the  relativistic  range.  In  summary, 
semiconductor  materials  are  damaged  by  high 
e.iergy  particles  and  radiation  through  any  or 
all  of  the  following  processes: 

1.  Ionization. 

2.  Transmutation. 
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3.  Elastic  displacement. 

4,  I  'isplacomcnt  of  atoms. 

The  thermodynamic  approach  to  the  radia¬ 
tion  damage  problem  is  also  possible.  A  part¬ 
icle  traversing  a  material  produces  an  enormous 
amount  of  heat  at  a  particular  point,  and  a  re¬ 
gion  of  matci.al  .vTOund  the  tract  of  the  particle 
will  be  heated  to  a  high  temperature.  This  rapid 
heating  and  quenching  of  a  small  volume  of  ma¬ 
terial,  termed  a  Uiermal  spike,  may  leave  a 
portion  of  the  lattice  in  a  disordered  state.  The 
end  result  is  equiv.alent  to  a  localized  production 
of  vacancies  and  jwsslbly  interstitials. 

Cosmic  r-.yc.  previously  described,  produce 
lattice  dciecis  and  noise,  and  because  of  the 
small  number  of  collisions  expected,  noise  will 
probably  be  tiic  primary  effect. 

lladiation  Effects.  Neutron  irradiation  of  N- 
lypc  germanium  results  initially  in  a  decrease 
in  conductivity,  and  finally  conversion  to  P-typ3 
m;Ueri;il.  Ttie  conductivity  of  P-type  german¬ 
ium  increases  with  neutron  irradiation,  provided 
Die  radiation  level  is  not  too  high  initially.  Re¬ 
sistivity  changes  in  P-type  germanium  occur  at 
a  slower  rate  than  in  N-type.  The  conductivity 
ofl'oUi  N -typo and P-tiTC  silicon  decreases  with 
irradial  ion. 

The  life  time  of  minorily  carriers  hi  semi- 
conduLlor  material  is  sensitive  to  radiation, 
decreasing  wi'.h  increasing  Iximbardment.  In 
adciiti'iii,  unstalib'  minorily  carrier  traps  are 
produi  ed,  leading  io  plate  conductivity. 

Compound  Semiconductor  Materials.  Some 
new  seinu.ontl'itior  materials,  particularly  com- 
pounli,  offer  i;reat  promise  for  use  in  future 


iO'"  lo"  10^^  lO'^  lo'*  lO'^  lo'* 
I'ltegfQied  f'usi  Neuron  riu»,  n/cm^ 


f  i.:.  3-3a.  Iladiation  cUimagc  to  silicon  and 
gi  - 1' •raninm  i ransislors. 


semiconductor  devices.  However,  as  far  as  ra¬ 
diation  damage  Is  concerned,  no  great  Improve- 
.^ments  are  expected,  since  basically,  one  semi¬ 
conductor  material  Is  nearly  as  vulnerable  as 
another.  Thle  is  true  with  respect  to  mechanic - 
.  al  displacement  caused  by  Incident  pai-ticles, 
with  the  exception  that  materials  of  lower  atom¬ 
ic  weight  are  In  general  more  vulnerable  than 
■"Tcaterlals  of  high  atomic  weight.  Also,  trans¬ 
mutations  will  produce  the  usual  donor  or  ac¬ 
ceptor  elements,  but  mechanical  displacement 
will  still  be  the  most  severe  problem. 

Components 

Xianslstors.  Transistor  parameters  con- 
tlriu^y  change  with  irradiation.  Forwa.-1  cur¬ 
rent  gain  is  reduced  because  minority  carrier 
lifetime  Is  reduced,  and  reverse  cciler-or-to- 
baseleakage  is  increased  as  a  result  of  changes 
in  bulk  characteristics  and  surface  effects  at 
the  collector-base  junction.  These  cause  changes 
in  circuit  parameters,  such  as  a  decrease  In  the 
forward-current  transfer  xatlo,  and  increased 
reverse  leakage  current. 

Transistors  eventually  become  unusable  In  a 
radiation  environment.  They  experience  com¬ 
plete  failure  when  the  N-type  material  converts 
to  P  -type,  thus  destroying  the  junctions.  In  low  - 
frequency  germanium  transistors,  tlic  changes 
iXi  niincrity  cairlci  lifetime  uegracie  uie  tran- 
slstor’s  usefuUnesB  long  before  N  to  P  conver¬ 
sion  occurs.  The  sensitivity  of  various  types 
of  transistors  to  damage  by  neutron  irradiation 
is  shown  In  Fig.  3-35. 

Semiconductor  Diodes.  Both  silicon  and  ger- 
maniura  dio3es  ^ow  susceptibility  to  nuclear 
radiation  by  a  large  permanent  increase  In  the 
forward  voltage  drop  and  Increased  leakage  cur¬ 
rent  of  a  transient  nature.  Increased  forward 
resistance  creates  excessive  power  dissipation 
and  reduced  voltage  output.  Germanium  semi¬ 
conductors  may  aTso  fall  wider  nucleaji  radla- 

vtOu  a  l65UAt  Oi  uetdrior^iOu  iTi  tiiOir  Pc'* 
verse  characteristics.  It  has  been  found  that 
gamma  radiation  affects  backward  resistance 
while  neutron  damage  primarily  affects  the  for¬ 
ward  characteristics  ol  a  diode.  The  extent  of 
damage  to  germanium  and  silicon  diodes  is  de¬ 
termined  by  the  ultimate  nuclear  dosage.  Mi¬ 
crowave  semiconductor  diodes  are  considerably 
more  radiation  tolerant  than  the  general  purpose 
types. 

Transformers.  Physical  damage  rather  tuan 
damage  to  the  electrical  characteristics  are  the 
-main  effects  of  Irradiation  on  transformers. 
Transformers  have  been  exfiosed  to  high  energy 
neutrons  of  3.6  x  neutrons/cm^  with  very 
little  damage.  Coll  resistance  as  well  as  volt¬ 
age  and  current  characteristics  remained  sa- 
.tisfactory  at  high  .exposure  dosages.  However, 
at  such  high  radiation  exj  isures,  rupturing  of 
the  transformer  cases  may  take  place  due  to 
-expansion  of  tlie  potting  compound  and  shorting 
of  the  transformer  terminals. 
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I- 1  citron  Tubos.  Tubes,  In  general,  are  quite 
l  e-.-iblant  to  nuclear  radlaltoii.  Vacuum  and  gaa- 
lilJcd  electron  tubes  are  less  atl'erted  Uian  p'to- 
tolubi.s.  Phototubes  irradiated  by  ?,  flux  of  10 
noiiirnns/cm^  for  a  tliroe-hour  period  showed  a 
dark  current  equivalent  to  tiie  normal  output 
front  a  light  source.  Wlien  tlie  radiation  was 
stopped,  the  dark  current  decreased  to  zero, 
buttlic.  ‘"sitivityo'  the  phototube  also  decreas¬ 
ed.  One  of  thii  largest  causes  of  tube  failures 
due  to  nuclear  irradiation  is  envelope  and  seal 
fractures,  caused  by  the  use  of  borosUfeate 
glass. /57, 67, 63/ 

Capacitors.  Mica,  plars  and  ceramic  capa- 
cilorri  suffer  little  tiamage  when  exposed  to  ra¬ 
diation  doses  of  10^®  nvt.  However,  plastic, 
elec trol>’ti'',  ar.d  oil  •.lllod  or  oil  impregnatea 
ca,5aci-..r::  are  extremely  susceptible  to  radia¬ 
tion.  M.my  organic  materials  evolve  gases  un¬ 
der  radiation,  and  tliis  gas  may  rupture  the  ca¬ 
pacitor  case,  Generally,  non-organic  capacitors 
functiiin  salisfactorily,  .md  capacitance  Is  only- 
si  iriiiiv  decreased  under  nuclear  irradiation. 
/r)7,G2;G3,61/ 


Rcblstors.  Certain  resistors  change  resist¬ 
ance  vaTucs  (luring  or  after  irradiation,  but 
most  ol  the  \vire-v.  ound  and  carbon  types  suffer 
little  damage.  Ro.sistors,  in  gener^,  function 
satisfactorily  aflerdosostd  iOl*'  nvt,  with  wire- 
wound  rcsii.toi-.s  I'oiag  lo.ast  aJfocted.  Wire- 
wouiici  ii i r ^  sJiOv.  cJocrGiiSc  o*  S 

pcrc('>it  in  tiicir  resistance  values,  while  car- 
Ijon-t  ■  lie  ro.sist'u  s  may  change  in  value  by  ap- 
pr(a.xiiii:t> ely  IG  prircciil  after  exposure  to  radia¬ 
tion,/  7,62,6.3,64  / 

bis  ilators.  Insulators  decrease  In  Insulation 
resisiiuicL  during  and  after  exposure  to  nuclear 
radiation.  However,  polyethylene  insulators, 
even  alter  c.xTosurc  to  IQtt)  nvt,  show  very  good 
insulatior.  res. jtaiice.  Insulation  resistance  for 
ii'.ost  iii.culator.s  decreases  uniformly  with  ex¬ 
posure'  time  to  I'Otwccn  5000  and  500,000  ohms. 
ln:^uiator  breal.do'.'n  ^'oltagc  may  be  reduced  by 
a.'aclorcl  5  du(;  to  nuclear  radiation.  However, 
ttie  viiJiagc  brt  akd,o'.vn  value  may  return  to  near 
its  ori.anx'  value  ;iftor  removal  of  the  applied 
voUaj,;',  '62, .'t  ' 


Seals,  Gasi.tts  and  Sc;ilants./65,66/  Most 
cl.'Isi  iceTs,  ai.d  a  numtjvi-  ol  plastic  materials, 
liove  oei'ii  used  as  seals,  gaskets  and  sealants, 
ll.erv  IS  no  cl-.'^tomer  or  pla.stic  sc.aling  matcr- 
i.'i  .1,  ’.il.dile  at  present  that  has  radiation  Sta- 
biht;.  atv've  2  \  10 ' -  ergs  'gm.  However,  sev¬ 
eral  iiiaenais  may  fiinetion  properly  and  could 
ti'jld  .1  v..(  cum  at  lower  radiatijn  dosages.  The 
eifeii.-,  id  ra.li.ttion  on  various  elastomers  and 
pi  is'.  i  s  UM  :l  i or  seals,  gaskets  and  setdants 
have  h'o.n  discussed  previously  under  "Elac- 
toiie  '  n  and  I'l.istic  Materials." 

Ib’-'s  .'UKi  J  :Mi)'lm-s.  ,  67/  Relatively  little 
iiili i;  r :a i e 111  1...  .r.  a  iT.llTe  on  the  cficcts  of  nuclear 
rail  !  I  'll  on  ii'iaes  and  r()U|)iitigs,  particularly 
(111  11  e  SI  1 1'i  oriMiiie  tiKiteri.Us  used  in  hose  inan- 
ui.u'M".  It  I'.',  i'V(  r,  standard  aircraft  hoses 


Fig.  3-36.  Radiation  damage  to  lubrlca* "8  /68/ 


and  couplings  contain  organic  poljTnerlc  maier- 
ials,  and  the  effect  of  nuclear  radiation  on  these 
—materials  Is  known,  ror  examp  e,  Buna  N,  a 
Eolvent-reslstant  synthetic  rubber,  and  Teflon, 
a  temperature-resistant  plastic,  are  materials 
"  used  in  hoses.  Buna  N  Is  much  more  radiation 
resistant  than  Teflon.  It  will  leak  at  an  expo- 
_sure  ttosage  of  4  x  lO^  ergs/gm,  compared  with 
1x10®  ergs/gm  for  Teflon. 

''  Lubricants.  Lubricants  are  generally  not 
affected  after  exposure  to  nuclear  radiation  of 

2  X  »n9  Annrc /ivivi  AKf^vA  fK4o  4-/\ 

^  MAAky  A«iw  up 

ajjproximately  1  x  IQl®  ergs/gm,  they  still  have 
gcod  lubricating  properties,  but  impurities  such 
as  sludges  are  formed.  In  addition,  gases  that 
In  some  cases  may  contain  halogens,  which  are 
corrosive,  are  evolved. 

Aromatic  ethers,  alkylated  aromatic  ethers 
and  alkyl  aromatics  are  less  affected  by  radia¬ 
tion.  The  polyphenyl  ethers  are  not  affected  up 
~to  a  dosage  of  1.6  x  10^1  ergs/gm.  However, 
most  organic  compounds  and  all  conventional 
lubricants  show  extensive  physical  changes  after 
radiation  dosages  of  10^®  to  lOH  ergs/'gm.  Fi¬ 
gure  3-36  shows  the  gemm?  dnnages  necessarv 
to  cause  minor  and  e.Ttenslve  damage  to  lubric¬ 
ants.  Minor  damage  occurs  when  impurities 
are  formed,  but  the  compound  still  has  good  lu¬ 
bricating  properties  and  with  proper  filtering 
Us  useful  life  is  not  markedly  affected.  Exten¬ 
sive  damage  to  a  lubricant  denotes  that  it  has 
become  a  poor  lubricant.  /65,68,69/  The  ra- 
dl.Uion  stability  of  gas-turbine  lubricants  are 
listed  In  Table  3-21.  Figure  3-37  shows  the 
radiation  stability  of  various  organic  liquids. 

Greases.  Greases  differ  from  other  types  of 
lubricants  in  that  they  rely  on  the  formation  of 
a  gel  structure  by  the  interaction  of  tlie  base 
fluid  and  high  melting  thickener.  On  exposure 
to  radiation,  this  gel  structure  breaks  down,  re¬ 
sulting  In  a  soupy  product.  On  furUier  irradiat¬ 
ion  Uie  material  hardens  to  a  rubber-like  subs¬ 
tance.  This  Is  attributed  to  the  polymerization 
of  Uie  base  fluid  overriding  tlie  gel  desiruction. 
It  Is  estimated  that  convention^  greases  will 
have  poor  operational  properties  alter  exiyosure 
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T:ible  3-21.  Hadlatlon  Stability -of  Oaa-Turbine  Luhncanta 


Approximate  radiation  limit  for 
moderate  change  (orgB/gmfC) 

Afiproxlmalc  useful 
Ic.-i.i'cmturn  range  (f') 

Lubricants 

-  1 

Viscosity 

Oxidation 
res)  stance 

Relative  lubricity 
(4-ball waai  test) 

-65  to  350 

Commorclalij'  available 

Polyaikylene  glyecifl 

Pair 

Levers 

5  X  10*° 

<1  X  10® 

Good 

Silicons,  chlorlnatod 

<5  X  10* 

<5  s  10® 

Fair 

Mineral  oils 

5  X  10*° 

1  X  10® 

Very  good 

-  too 

Trimothylol  propane 

6  X  10** 

<1  X  10® 

Good 

■  rr,  to  '.no 

Experimental  materials 

Sui'v'r  refined  mineral  oils 

5xl0*° 

1  X  10*° 

Very  good 

Silanes 

1  X  10*° 

>1  X  10*° 

Fair 

Alkyl  aromatics 

5  X  10*° 

<1x10*° 

Good 

0  to  tjUJ 

Polyphcnyi  ethers 

1  X  10** 

5  X  10*° 

Good 

rv/ 


I'^crros?  I'*  ^  \ 

V  '5.05  It  y 


L'rir'.'n  :nor  0«.da-  J/J 
t,nr, 

(  lI'.'Zj  '•'Jtf  InOf  pf  na  ] 


Croc  Role,  erqs/gm(C)/hr 
(Van  De  Graoff  Source) 

Pi;:.  T-37,  [l;uiialion  sUibiUty  of  organic  liquids. 

to  1  x  lO’t)  rn:s/(ini.  Nowor  greases,  such  as 
Uie  ind-nithrcnc-UiickciK’d  jKtlvphcnyl  ether 
tt.is' '{  Into,  arc  expcclcxl  to  be  usatilc  at  radia¬ 
tion  oxi^tsurcs  as  higii  as  1  x  ergs/gm. 

I’ossitil'-  I  .idi.it  ion-rcsisl.ant  aircraft  greases 
arclii^tcd  in  T  able  3-22.  Kstiniatcd  dose  limit¬ 
ations  in  Uic  use  of  variou.s  greases  are  shown 
in  f  n:.  3-3R. 


MyHronlir  TTliiiHq^  Wyf^otil if*  fbitnp  li^aon  on 

disolaxane  oFslilccxie  ester  base  fluids  are  re¬ 
latively  un^fected  by  gamma  dosiiges  approach¬ 
ing  1  x  10^0  ergs/gm.  It  is  estimated  that  they 
will  function  satisfactorily  as  high  as  5  x  IQtO 
ergs/gm.  Petroleum  based  fluids  shoa-  exces¬ 
sive  viscosity  decrease  as  low  as  5  x  10®  ergs/ 
gm.  This  is  attributed  to  degradation  of  the 
polymeric  viscosity  improver.  Alkyidiphenyi 
ethers  and  alkyblphenyl  base  hydraulic  fluids 
are  expected  to  be  usable  in  the  range  of  5  x 
IQlO  to  1  X  1011  erga/gm.  Use  of  tlie  meta- 
Unked  unsubstituted  polyphtnyl  etliers  In  hy¬ 
draulic  syetems  Is  expected  to  provide  satis¬ 
factory  use  to  as  high  as  2  x  IQH  ergs/gm. 
-They  are  particularly  desirable  in  that  they 
need  no  additives  and  no  vlscoslty-lndex  im¬ 
provers  to  enhance  their  characteristics.  Pos¬ 
sible  radiation-resistant  hydraulic  fluids  are 
listed  in  Table  3-23.  Estimated  dose  limitations 
In  the  use  of  various  hydraulic  fluids  are  shown 
In  Fig.  3-38. 

-  Hydrocarbon  Fuels.  In  general,  aromatic 
hydrocarbon  iucls  are  usually  less  damaged  by 
radiation  than  saturated  hydrocarbon  fuels. 
-Also pre-lrradiated hydrocarbon  fuels  react  dif¬ 
ferently  to  radiation  than  unlrradlatcd  hydro¬ 
carbons.  However,  dehydrogenation,  polymer¬ 
ization  and  degrlidation  occur  in  varying  de¬ 
grees  in  all  hydrocarbon  fuels  exposed  to  nuclear 
radiation.  The  following  physical  ai>d  chemical 
“changes  are  produced  in  hydrocarbon  fuels: 

/VO/ 

1.  The  hydrogen  content  decreases  willi  in¬ 
creasing  dosage.  At  a  dosattc  of  1  x  10’®  ergs/ 


Table  3-'22.  l’*oB8lbto  Hadlatlon-Reaistant  Aircraft  Greases 


A;‘|'tnxJni  lie  Jfjcful 
tf'tnix'ri'.mr*  rsnKc(K) 

20  to  500 

-40  to  400 

-40  to  350 


Groaae  composition  j 

Fluid 

Thlukenor 

n 

Polyphcnyl  eUior 

Iftdanlhrone  blue  RS 

Mcthylphenyl  slUcone 

-Copper  phthaloc3ranlno 

Ocladccyl  byphenyl 

Sodium  terephthftlsmate 

Mcthjrphonyl  slUcono 

Aryl  urea 

tolerance  (orgR/gm(C)) 

r." H 


7  X  10 


Atiproxiniatc  uR<'f»il 
temperature  rrangp  (K) 


-05  to  25  0 


-05  to  420 
-05  to  400 

-15  to  300 

0  to  coo 


Table  3-23.  Possible  Radlatloa-Resistant  Hydraulic. Fluids 

Fluid  composition  I  ]  .  ~ 

'  Approximate  exposure 

tolerance  (ergs/gm^C) ) 


Hasp 

Adultlvea 

Petroleum 

- 

Diaoloxane 

Alkyl  diphenyl 

.Silicate  ester 
(OS-4.5) 

- 

Alkyl  diphenyl 
ether 

lA>lybutono 

Pv>l)7ihcnyl 

etner 

- 

Ue«-UrrJ*^ir*c 

characterlatica 


Poor  high-temperature 
projie  riles 


Does  not  meet 
MIL-H-f446 

Poor  low-temperature 
proportioa 

Poor  low-temporat>ire 
properties 
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Fi  %  3-3H.  l.st  1  ni.ited  dose  limitations  In  use  ol, 
vni  i  t'.irtiRfs  and  liydr  lulic  fluids. 

ivti  lui'i'i'  ic  T  Joss  ot  aUiut  0.05)  percent  hydro- 

2.  Atmut  H  to  9  pfrcciit  loss  of  volume  tvLU 
occj"  .i'  a  d  !S  nto  of  9  x  1010  erps/gm. 

3.  !  li' re  is  no  in  Uic  aniline  point  up 

to  a  '  I  O'  of  2.C  X  K'iO  cri:s,'i;m.  The  aniline 
point  ill,  however,  increa.so  slightly  above  9  X 

lOF)  v;v,S  glO. 

4.  I ‘i 're  IS  no  sitmlficanl  elianrc  in  the  heat 

of  (.'jnilustion  up  to  9  10  *  ergs/gm.  A  slight 

(!■  no  .1'.'  Mill  oetur  alxjvc  a  dosage  of  8  x  lol® 
er i.ni. 


5,  VlscoBlty  Increases  with  increasing  ra¬ 
diation  dosages. 

6.  Density  and  refractive  Index  Increase 
with  increasing  radiation  dosages. 


ZERO  GRAVITY 

An  object  experiences  a  zero-gravity  envi¬ 
ronment,  cr  weightlessness,  when; 

1,  It  full?  to  Earth  in  a  vacuunij  in  which 
case  the  weight  ol  the  object  Is  equal  to  the  ac¬ 
celerative  force  acting  on  It. 

2.  It  rotates  around  the  Earth  with  Its  total, 
radial  acceleration  equal  and  oppuslle  to  the 
acceleration  caused  by  gravitational  attraction 
between  It  and  the  Earth. 

The  above  definitions  apply  not  only  to  tlie 
Earth,  but  to  Uie  Sun.  the  planets  and  Uic  larger 
nati’r^  satellites  In  the  Solar  System, 

Experimental  Information  concerning  zero- 
gravity  and  its  effects  is  very  limited  due  to  tJie 
difficulty  of  simulating  the  condition.  The  pres¬ 
ent  approach  to  acliievliig  a  zero-gravity  envi¬ 
ronment  for  testing  has  been  to  use  aircraft  fly¬ 
ing  in  an  arc  In  a  vertical  plane.  The  duration 
of  weigliUessness  achieved  in  this  manner,  how¬ 
ever,  Is  short  compared  to  tiiat  experienced  hy 
ballistic  nilseU.es  and  bateUltes,  This  Is  shown 
in  Table  3-24. 


1 


Table  3-24.  CliarnoterlsticB  of  FUnhl  Trajectory  lo  F'roduce  Weightlcsenoss  of 
Majtliimin  IXiratloii  for  VE.rious  Vehicles 


(~ 

Vehicle 

Velocity  at  entry  cr 
maximum  spend  after 
burnout  (rnlAr) 

Height  of 
trajectory 
(ml) 

Angle  of  climb 
(dog) 

Duration  of  j 
welghtlessnoaa 
(min) 

'I 

370 

0.49 

55 

0.47 

}  1C 

4.30 

1 

53  1/2 

0.6 

K-IOOF  (modific  t) 

650 

4 

75  1/2 

I 

X-i.'i 

4000 

80 

85 

5 

redslonc 

3400 

150 

6 

(I’  lort  gRi'''  veiut'los) 

10,000 

200 

10 

.Jl.|  Ucr 

10,300 

>600 

11 

l3in^ntelliicR 

.  .j 

JH.OOO 

>600 

Infinite 

*  ;'h«-  f  i;ures  given  In  this  table  arc  approxlmatlona  only. 


The  iiKj.sl  .serious  as[)Oct  o!  a  zero-gravity 
cnvo'cntnonl  will  jir^bably  be  its  clfect  on  hu- 
iniiis.  Tbi.o  !'■  covered  later  in  the  handbook. 
Some  i'r  i'oaliir  effects  of  zero  gravity  on  otjuip- 
jri  r'  urn  ns  ImI  1  DW  SI /7  I  / 

1.  .‘■i  riii -..s  tensed  by  a  mass  will  a.isuine 
III  w  1  .gill  il'i  In ,11  iiositions,  and  so  mechanical 
devil  '.'S  d  .u’v'eing  on  springs  will  have  changed 
dial  .  i.tcMstics. 

2.  Gi'.  : b  ibbli'K  will  not  rise  in  liquids  in  spite 
oI  di  as ity  d.litrences.  Also,  ga5  bubbles  ge- 
ncr.ncil  in  I'a'.'.erics  will  lemaiii  in  contact  with 
till.' iil.i;  ,s  ,nii'  d)  contaniiiiate  surfaces,  result- 
in:,  in  lieb,  ni'ii .iti on  of  electromechanical  action 

3.  Liqoi'.i  li'.i  1  devire.s  will  malfunction. 

V..I  toi  example,  will  not  function  due 

to  1.  I.  .il  .5.  i.i  I  nl  weight  in  tlic  indicating  fluid. 

4.  l  l'.or.  v.iJi  be  no  eonveclivc  movement  of 
-j,  c  1,  g.ci  Diril  density  gradients.  This  lack 
of  (  eivi  ( 'ii'.  c  be. it  tr.uisler  will  cause  serious 
pro’  ’.,  m.s  in  Lio  heating  and  cooling  of  equlp- 
iii.-nd 


f).  la  ionctal,  equipniitit  ttiat  will  not  func- 
11  I  I'l  'I  'lly  in  an  invciTe-d  (xisilion  on  Earth 
in.r.  .ill  I'l  ii  >n  in  a  zero -gr.c,  ity  environment. 

'J  ‘  (  r  ca’jiiimeiit  area.s  in  which  unique  sltua- 
li  Ills  iiiav  I'l  i-ur  due  to  zero  gravity  are  lubrlc- 
.I'l'  ii,  III  ,u  irn;  load.s  and  nialeiLil  stresses. 


(  O'.'MUNId.MlON.S  INTERFERENCE 

bU'uily  .‘^iii'abin.:,  (  uiniiunications  Interfer¬ 
in'!'  i.'i  aa  I'll' I  a' iiiikU  cftccl  of  ollicT  environ¬ 


ments.  However,  because  of  Its  unique  nature 
it  will  be  coveroa  separately. 

Interference  can  be  defined  as  any  electro- 
xn^^^notic  ciisturbiincs  thst  hss  ?ji  undt  Irstbls 
effect  on  electrical  or  electronic  equipc  nt.  It 
can  affect  equipment  ranging  from  slmplo  relay 
—  control  circuits  to  complex  radar  and  navigation 
syfitemo..  Communications  Interference  can  bo 
either  man-made  or  natural.  Man-made  inter¬ 
ference  results  from  interaction  between  sig¬ 
nals  from  different  circuits  or  equlpmentc.  Na- 
^  .tural  interference  is  caused  by  things  such  as 
atmospheric  electricity  and  magnetic  storms. 
/35,' 


Man  '  lade  Interference 

Man-made  in’.erXerence  may  be  divided  into 
the  three  following  types: 

1.  Continuous-wave  interference,  which  usu- 
^  ally  emanates  from  transmitters  and  receiver 
local  oscillators. 

—  2.  Pulsed  continuous -wave  Interference  ge¬ 
nerated  by  equipments  or  circuits  ttiat  operate 
in  a  puls^  mode,  such  as  radui’s,  beacon  sets 
ajid  pulse-type  Jamming  equipments. 

3.  Broadband  interference,  which  generally 
originates  either  in  equipments  where  arcing 
^akoB place,  such  as  ct-c  motors  and  generators, 
or  In  equipments  containing  relays,  vibrators 
“or  gas  filled  tubes.  The  Interfering  signals  are 
random,  narrow-pulse  voltages  that  contain  a 
broad  band  of  frequencies. 

The  effects  of  man-made  Interference  may 
range  from  sporadic  noise  that  la  only  annoying, 
to  complete  equipment  Inoperability. /35/ 
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A’niosphcrlr  FJffeots.  -  Atmospheric  noise 
may'  Ciiose  serious  £Htor(cre''co  with  commu- 
nic'aliops.  The  hii^hest  noise  levels  are  due  to 
scattering  of  radio  frequency  waves  by  the  at- 
moyi'herc.  This  occurs  mostly  over  land  In  the 
Ironical  regions.  Atmospheric  electricity,  con¬ 
sisting  of  fr?th  static  electricity  and  lightning, 
caji  al;r.  rJfc'ct  communications.  Static  pre- 
cipiiatiun,  cspcclcdly  in  the  lower  frequency 
ranges,  may  block  radio  signals  and  cause  co¬ 
rona  and  electrical  arcover.  Lightning  will 
blo(  K  communications  and  may  also  damage  an¬ 
tenna  cquipmcnt./72,73/ 


lonosptierc  Effects  and  Cosmic  Noise.  The 
higl'  efc-iroa  Hcni'ities  wiUiin  th^  ionosphere 
cause  reflection  of  radio  signals  at  lower  fre¬ 
quencies  as  wctl  as  radar  refraction  errors. 
During  pcricxls  of  great  solar  activity,  such  as 
sunspots  and  aurorae,  tlie  lonosohore  rises  and 
interference  with  cornmunicatlonsbeconies  mere 
p  r(mouMC(!d. 

Tlic  auiorao  are  sources  of  optical  and  radio 
vavclmrtJi  interference.  They  occur  mainly  In 
nortljorn  und  .ca»:t!icrn  latitudes  and  are  directly 
related  to  sunsimt  activity.  At  medium  and 
higti  radio  rcquenclos,  aurorae  cause  complete 
Mackoul,  V  hict.  may  last  for  several  days.  At 
iov, /reqo'  nc  the  effect  is  not  as  serious.  At 
very-hirn  and  ultra-tiigii  frequencies,  reflect¬ 
ions  or  L:'(  kscattcr  may  occur.  In  addition,  an 
a  irora  causes  absorption  over  a  wide  frequency 
r.inge,  r.  suiting  in  altonualion  of  signals  intend- 
''d  10  p.tss  througli  the  ionospliere.  Electron 
d'.’nsitif  s  within  aurorae  may  exceed  10®  per 
cul'ic  cenfiniottr.  Tiio  idgh  electron  density 
icirarts  signals,  causini;  angle  and  range  er- 
r>rs.'7?,7;i,7'l,75/ 


! :  V 1  M'i } '  i :  N'V  1 1  ION  M ]■: NT  S/70/ 

fiyi.'or  environments  may  be  defined  as  those 
nai'u  .ij  *  nvii-oiiments  existing  aixivo  an  altitude 
•d  7n,'.:.i0  leet,  ;>iid  those  induced  environments 
(L'  ‘lo;.ea  by  veliieles  capatjle  of  operating 
ov'  t.’os  altitui.le.  The  following  Is  a  list  of 
)  I-  ,  n.innients: 

N  a  1 0  r  al  Hy  ]  ler  EiivironiiicntB 
N'"'.ili  j1  r.  isos 
I )i osi ir iaU'd  gases 
I'  d  gases  ajid  free  electrons 
O/.OML 

I  vtiiuTic  low  (irissuro  and  density 
7  i>-o  nial  I'xt  j  (ohi'h 
I  lean  oiiai;nf  lU;  radiation 


Atomic  particle  radiations 

Meteorites  and  mlc;'ometeorlle8 

\ 

Magnetic  fields 
Gravity 

InducedHyper  Environments 
Acceleration 
Acoustic  excitation 
Mechanical  shock  and  vibration 
Extremely  high  and  low  temperatures 
Thermal  shock 


Ionization 

Explosive  decompression 
Nuclear  radiation 
Magnetic  fields 
Zero  gravity 


The  hyper  environments  encountered  by  var-'  .‘.J 
ious  types  of  flight  vehicles,  as  well  as  the  so-  . '  Aj 
quence  in  which  they  are  encounterecL  are  co-  'AS 
vered  In  the  ’’Flight  Paths"  section  of  Chapter  2. 

The  effeclB  of  the  hyper  environments,  to  tins  i,  J 
extent  that  they  are  presently  known,  have  been  ' '  w-yl 
covered  previously  In  this  chapter.  .  ’  .  jcj 


EXOTIC  ENVIRONMENTS 


Exotic  envlranments  are  those  environments 
tliat  are  strange  or  foreign  to  the  Eaidh  and  are 
based  primarily  on  the  findings  of  astronomers 
and  astrophysicists.  The  very  fact  that  these  ex¬ 
otic  environments  are  strange  means  Uiat  very 
iittie  is  kjiown  about  tiierP:  while  ihe  Amei  lcan 
and  Russian  sat  el-Utee  andMoon  probes  have  ad¬ 
ded  to  tlie  knowledge  of  what  may  be  found  in 
mjace,  much  Is  still  In  the  realm  of  speculation. 
There  Id  little  doubt  that  there  are  environments 
In  space  that  are  presently  beyond  our  ronipre- 
hension  and  imag&atlon. 


■  M 


The  full  effects  of  radiation  belts  and  mag¬ 
netic  fields  around  Uic  Earth  and  oUier  planets 
are  merely  conjecture.  Interplanetary  gas  and 
njcleorlte  dust  clouds  are  known  to  exist  in 
space,  but  exactly  what  wUl  happen  wuen  a  ve¬ 
hicle  passes  ’Jirough  such  an  environment  is  not 
completely  known.  Other  planets  undoubtedly 
have  atmospheres  which  arc  deadly  to  man. 
Such  atmospheres  may  also  attack  tlie  surface 
of  a  space  slilp,  with  the  pfjesiblllty  of  eroding, 
dissolving  or  even  disintegrating  Uie  nieialB 
that  are  now  in  use  on  Earlli.  The  composition 
and  cfiaracterlsllcs  of  11k  Lunar  surface,  aa 
well  as  oUior  planetary  suilaccs,  are  also  mat¬ 
ters  of  Bpcculatlon  at  Uio  present  time.  Man 
will  experience  Uie  strange  environment  of  sl- 
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lonco  aiUT  l;inritnc  oil  a  planol  tliat  hafi  little,  If 
ajiy,  atinosplicrc,  8l/ice  tlie  lack  of  wind  and  life 
v/ill  rosiiU  In  Uie  absence  of  sound.  The  human 
rorisi  iousness  may  experience  a  sense  of  fore- 
iKxiiin:,  desolailon  and  ecricness  that  wUl  cause 
disorientation.  Tiie  same  effect  will  be  present 
In  or  biting  vehicles  liiat  do  not  have  equipment 
producing  some  noise.  Rooms,  called  anecholc 
c  Jiambers,  are  made  to  simulate  the  condition  of 
no  sound.  V.’  ’n:r  D.ifi  cnamber  it  Is  possiblo  to 
hear  ti;>  sound  of  one’s  own  lieart  beating  and 
tile  blood  circulating  tiirough  the  veins.  After  a 
few  minutes  in  sucli  a  chamloer  there  is  a  feel¬ 
ing  of  oppression  and  the  silence  seems  to  have 
weigiit.  Some  subjects  lose  their  balance,  then 
experience  nausea  and  vertigo,  and  flnailj'  are 
.seized  by  an  irresistible  irnpulsc  to  escape  from 
tile  ( Ih'iinlxir. 

Exotic  environments  may  be  encountered  In 
a  direction  perpendicular  to  tlie  plane  at  the 
Solar  .System.  The  Solar  System  is  disk  shaped, 
and  wliiie  tlie  nlancls  do  not  lie  in  the  same 
plane,  the  diarricter  of  the  Solar  System  is  con¬ 
siderably  greater  tlian  its  thiclencss.  Envlron- 
mentL;  perpendicular  to  the  diameter  niay  be 
fantastic.aUy  uiflereni  tlian  tlioso  that  exist  in 
Uie  appro.'dnuit''  plane  of  the  solar  system. 


Another  unkjiowii  c'liviroiuiient  tliat  has  been 
the  subjoc  I  ?/  coiisideralile  Lticorizing  Is  tlie  ef- 

JL'LL  i;il  tJ.  1  1  Li>  bjicvAi  VO  uiav 

of  jiidit.  There  is  conjeiturc  Uiat  as  living 
thing.s  iiitA'e  cl'.'ser  and  closer  10  tlie  speed  of 
liidil,  tliey  will  ag'c  less  as  compared  to  living 
tilings  on  Ka-'th. 

The  exotic  f.'n''i:onrnent.s  must  be  probed  and 
calal oged,  and  tliCii  ultiinalc  cifccls  fully  under¬ 
stood  belorc  space  travel,  especially  manned, 
can  bcome  a  sale  reality.  The  environment, 
engineer  ■’viil  ,.ial;e  the  greato.st  contribution 


1  ig.  L.ii  itudiiial  dii.l  ribulioti  of  environ¬ 

in' nl.d  1  xl  I  c  s. 


iBward  conquering  space  when  the  effects  of 
these  and  other  presently  unknown  environments 
are  successfully  overcome. 


COMBINED  ENVIRONMENTS 

The  prior  parts  of  this  chapter  consider  the 
environments  and  their  effects  as  occurring  ono 
at  a  lime.  This  format  was  cliosen,  first,  to 
facilitate  the  presentation  of  data,  and  second, 
because  most  of  the  Information  available  to 
date  is  on  single  environments.  Very  little  data 
exist  on  effects  of  the  various  combinations  of 
environments  that  may  be  encountered  In  actual 
use.  Much  more  research  Is  needed  in  this 
area. 

In  use,  a  system  will  never  enco-mter  any 
single  environment  by  Itself.  Howuve:,  even 
though  combinations  of  environments  are  en¬ 
countered,  the  ertremea  of  environments  gener¬ 
ally  occur  singly,  and  It  Is  tlie  extremes  tltat 
are  most  Important.  An  extreme  of  one  envi- 
i*onment  may  intensify  the  effects  of  another 
environment,  or  In  some  cases,  one  environment 
"may  tend  to  neulralizo  the  effects  of  another, 

-  Although  a  given  extreme  of  ono  natural  en¬ 
vironment  Is  not  often  encountered  with  that  of 
another,  several  extremes  of  Induced  envlrun- 
-ments  m;iy  be  encountered  simultaneously,  and 
combinatiims  of  natural  and  induced  environ¬ 
ments  always  exist  together. 


.  Combined  Natural. Enviionmenta/77/ 

A  list  of  the  natural  environments  Is  given 
-in  Table  3-1  at  the  beginning  of  this  chapter. 
No  one  of  tJiese  natural  environments  wlU  ever 
occur  by  itself.  Temperature,  humidity  and 
•pressure  are  always  present  In  Uie  atmosphere, 
and  each  alters  and  1&  altered  by  the  otiiers. 
This  varying  combination,  including  the  iftlier 
natural  environments,  produces  what  Is  known 

OM  frorn  HjnP  tO 

-time  and  place  to  place  result  from  the  varia¬ 
tions  in  quantity,  intensity  and  distribution  of 
Ihc  individual  natural  environments. 

-  Distribution  of  Extremes.  The  extremea  of 
the  Individual  environments  aie  covered  in 
Chapter  2.  These  extremes  can  be  combined 
on  a  graph,  as  shown  in  Fig.  3-39,  to  Illustrate 
how  they  might  vary  In  relation  to  latitude.  Fi¬ 
gure  3-39  refers  only  to  Uic  Earth’s  surlaen. 
The  distribution  of  cxlremos  for  various  ;>U1- 
tudes  at  Uicse  different  latitudes  Is  shciwn  in 
Fig.  3-40.  It  should  be  noted  tliat  Fig.  3-39  and 
3-4o  are  estimated  and  are  not  based  on  actual 
data.  In  addition,  Fig.  3-39  and  3-40  show  only 
how  Individual  extremes  vary,  and  since  Uic  ex¬ 
tremes  rai  'iiy  occur  together,  these  Iwa  illustra¬ 
tions  do  nul  indicate  realistic  cumbiiialiutis  oi 
natural  environments.  The  natural  comlilnatlons 
to  l>c  expected  can  only  be  analyzed  Uirougli  an 
understanding  of  Uic  many  complex  factors  that 
determine  Uic  combination. 


Coiiiljiii  itlon  Factor.  The  complexity  of  com- 
hlned  iiaLural  environments  caii  !)0  explained  by 
c:onsid>5ring  how  one  element  is  varied.  For 
examine,  temperature  is  controlled  by  Incomlntt 
solar  radiation,  which  is  a  function  of  latitude 
and  time.  But  Uie  amount  of  radiation  reaching 
tlie  ground  is  re^mlated  In  part  by  the  cioud  cov¬ 
er  and  ttip  anKiunt  of  water  vapor  in  the  atmos- 
pliere,  w!  ».  also  help  determine  how  much  of 
the  reradiaied  iitat  Is  retained  in  the  aimos- 
phere.  Combining  to  furtlier  modify  the  tem¬ 
perature  a»'e  tJie  large  and  small  scale  move¬ 
ments  of  tlie  air,  lx)Ui  horizontal  and  vertical, 
and  topographical  cliaracterlstlcs,  Including  the 
nature  of  the  surface,  elevation,  and  the  proxi¬ 
mity  of  bodies  of  water.  Also,  a  change  In  tem¬ 
perature  may  set  up  temperature  olfforences 
tJiat  create  pressure  ^radienlH,  which,  through 
Uie  res’Jtlng  air  movement,  alter  the  temper¬ 
ature  again. 

A  less  direct  example  of  interactirg  natural 
cnviro'imonts  is  Uie  cvaporatlon-condcnsation- 
prccipitation  cycles.  Evaporation  Is  directly 
proporlPinai  to  temperature  and  air  movement. 
Warm  air  can  l.oiJ  more  v/atcr  vapor;  winds 
constantly  repUce  Uie  air  adjacent  to  the  water 
with  ciric;-  air;  and  turiiulcnt  motion  transports 
the  wuier  vafi'ir  upw;ird.  One  result  of  the 
cvapoi'atinii  process  is  the  cooling  of  the  sur¬ 
face  layer  of  air.  Tliia  cause.s  licatlng  of  the 
air  aloit,  sirue  H.e  lioat  lost  at  Uic  surface  is 
regaim  d  v  ucn  condensatior.  takes  place.  Sur¬ 
face  aid  almospl'cric  temperatures  are  again 
nuiditii  'J  v.lu'ii  iir.^ciiiitation  occurs.  Thi.s  hy- 
drologii  ;d  acU.  e.,  wliich  is  abetted  by  air  mo¬ 
tion:- .stcmin  ini;  f  roi.i  tcmiierulurc  changes,  pro¬ 
duce.-:  furliier  temperature  ctiarif'C.'i. 

The  most  important  force  in  natural  environ¬ 
ment  i.s  .^olar  ladi.'ition.  It  "determines  Uie 
temperaU.!' e  of  'and,  water  and  air;  fixe.s,  in 
g’eiieral,  tliv  amnuni  of  evaporation  and  its 
counteiii ,  1 1,  ( ondensation;  controls  Uie  winds 
and  1 1  i;  il.i- e.c  in  ureatcr  or  less  degree  every 
oti.CM-  .cr  I, '•  n‘. /li’'/ 

I,nii<  rcni  pi  'iieide.-s  of  tlie  a  such  a.s  tem- 
pcriit er  . ,  iur.iiclily,  aiui  pre.b;iu  o',  occur  in  all 
coinlni  ai'  -..s  and  iliercforc  must  lic  corisideroc) 
wit!;  evei',’  eMreine.  Teinjierature  i.s  closely 
iinl.ed  -.ii’i  sola;  radiation.  In  addition  to  its 
iiUluei,.  <'  on  l;i and  .sinall  scale  -vvealtier  pat- 
iciT.;;,  I'.;,  cllert:,  are  fell  direcUy  as  a  principal 
elr.’io. i','  in  co;iil liiKit ion.s.  liuinluily,  or  water 
v.ip  o  ,  i:  -.  ei  v  i:i(  iinetaiil.  Water  vaixir  varies 
in  aril'.. I  t  (i"-;-.  place  to  pl:ii  e  and  time  to  time 
Ironi  I  ally  71  ci  to  al'oni  live  percent  by  vol¬ 
ume  I  I  t).e  t'.n  il  .ii'iiospiiei  e.  Ttiis  variability 
i.s  iiiip'.r,,ii  t  ill  ii.stliieit  imiiiedi.iic  cflects  and 
111  ii.s  po'.tntial  lor  iiillueiu  ing  other  elements. 
Tim  a'no'.iiit  of  v.  ati'r  v.iiioi  in  a  f;lvcn  mass  of 
air  is  .i  rii.u-urc  of  Urn  aiiiioriplierc’s  cjipaclty 
tor  pt  ■  (  ip'’.it  ion.  Ii.s  at.'H'ji  plive  effecl.s  on  ter¬ 
restrial  1 ,1  lial  lull  reicii]  ate  lie  at  loss  and  Uiereby 
.'df'  .'-l  t' rip'  i  .iiiire.  Water  vapor  represents 
latent  ■  ii'  i  ry  stoed  in  tlie  at  mosplicre  for  Uio 
orii'.i;  .'.'id  itrii'.uli  of  storni:;.  /)/  I’l'Cciiiilallon 
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JTg.  3-40.  Seml-spatliU  dlstrlliutlon  d  eriv  .r'j.n- 
mental  extromos, 

(lUntld, freezingorfroxtm)  Is  a  primary  clemeirit 
hi  "many  delerloratlvt  comblnatlont,  becautio  of 
the  lmmedi.acy  and  magnitude  of  i(.fl  effect. 


How  an  environment  varlen  and  how  It  If) 
measu.redare  Iridlcatlono  of  Its  combining  form. 
Amount,  frequency,  rale,  force  fincl  v/aiglU  ax'c 
varioualv  used  to  descrllwi  onvlronmeiit  iiilen- 
Blty.  Some  envlroitimesits  can  be  t^ixprcssed  laa 
linear  quantlticEi  (preneuro,  temperature,  hw- 
midlty);  for  others,  the  rate  of  occurrence  Is 
significant  (rain,  i'reuEiitg  ram,  snow);  a  few  are 
observed  only  ae  a  fact  of  occurrence 
(lightning,  tornado,  blowing  snow).  The  com¬ 
plexity  of  combined  Intorrelatlonohlps  may  be 
seen  by  Uie  fact  Uiat  the  value  of  one  clcmeiit 
may  indicate  Uie  presoitice  or  the  Intensity  of 
another.  Had  indicates  turt'Ulcnce aloft.  Freez- 
Ifig  rain  reveals  the  presence  of  warmer  over- 
runlngalr.  Reetrlctfta  visibility  may  reflect  the 
rate  of  rainfall,  the  Intensity  of  fog,  or  tlie  se¬ 
verity  of  blowing  .sand,  dust  or  snow. 


Possible  ComblnatlonB.  Because  of  their 
sxlrfjixics  scjnis  6l0" 
ments  axe  likely  to  occur  slmuHaneously,  Ex¬ 
amples  include;  humidity  and  rain;  pressure 
gracileiil  and  wind;  wind  and  blowing  dust,  sand 
or  snow;  solar  ra.diailon  and  temper ?,<nre;  arid 
wind  speed  and  wind  shear.  In  most  couiblna- 
tions,  however,  Uie  extrerneu  of  one  element  do 
notoccur  together  wlUi  Uio  oxlrenie.y  of  tuncAhor. 
For  Uile  reason  it  Is  heceseiary  to  con8lde,r  var¬ 
ious  combinations  Uiat  Include  sornetiilrig  less 
than  Uie  extremes  of  some  elements.  One  api- 
proach  Is  to  assign  an  extreme  value  to  one,  the 
highest  value  of  the  second,  whichever  occurs 
naturally  with  tlie  first,  the  (ligiiest  value  of  Uie 
Uilrd  concurring  wlUi  Uie  asBlgncd  intenBlties 
of  the  first  two,  etc.,  tn  Uie  descending  order  of 
extremes.  Asslgrirrtont  of  the  abfjolulo  world¬ 
wide  extremes  may  result  In  as  few  aa  one  set 
of  values  In  each  case.  In  practlire,  therefore, 
U:c  first  assigned  value  must  be  arbitrarily  re¬ 
duced  (e.g.,  to  9!i%  probabUlty).  Tlie  number  of 
possible  combinations  depends  ujKm  tlie  number 
of  elements  coexisting  ac  shown  on  Table  3-25. 


Table  3-2.'i.  Tossiblc  Combinations  /77/ 


l.rpui'lon:  X  n(n-l)(n-2)(u-,1) . rn-(n-l))  =  n! 

Number  of 
varlublcu  (n) 

Number  of 
combinations  (x) 

1 

1 

V 

2 

3 

6 

4 

24 

Ti 

-  120 

G 

720 

1  7 

.1 ,040 

S 

40,320 

9 

-  3C2,P80 

10 

3,f.29,SOO 

er  repeated.  This  la  evidence  of  the  vast  num¬ 
ber  of  possible  combinations  of  Ute  eierncnts, 
which  together  shape  the  weather.  Therefore, 
it  is  necessary  to  consider  Uie  more  practical 
combinations  rather  than  the  many  possible 
ones. 

Practical  Combinations.  One  element  tliat 
must  be  t^cn  into  account  in  all  combinations 
since  it  is  present  Ln  all  environments  is  tem¬ 
perature.  Weather-wide,  everything  transpires 
within  a  range  uf  temperatures;  therefore,  it  is 
probablywiso  to  use  temperature  as  a  basis  for 
determining  useful  combination  data.  A  onc-bo- 
one  comparison  of  temperature  with  every  other 
element  in  tuni  is  a  necessary  step  toward  mul¬ 
tiple  combination  analysis.  Figure  3-41  illus¬ 
trates  how  surA  an  analysis  may  be  presented. 
Temperature  is  plotted  against  the  other  natural 
environments.  The  scales  of  the  other-  envu ce¬ 
ments  can  be  of  intensity,  amount  or  irtiiuency 
of  occurrence.  The  curves  shown  In  Fig.  3-41 
are  hypothetical  examples,  and  may  not  be  indi¬ 
cative  of  actual  relationships.  More  work  Is 
needed  in  this  area  to  determine  actual  condi- 
tlonc. 
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I  I  c./j’,  'K'liifj'.T.'iturc.s  at  wliich  variousoUier 
i,  '1 . 1  [  III  occur. 


1  roni  iJii-  lal’lc  U  can  be  seen  that  such  a 
|M  I'.iH  '.'I  ■ ''li.r.''."!  t  "),.  larirf  a  number  of  com- 
i' iri.s.  And  actually,  tiu.'.'ic  are  only  a  small 
1'  M  ii'.n  n(  the  |)').‘jsible  conibhiallons;  omitted 
ar"  all  tin:  ,u  i  ariyenieiiLs  jn  which  no  one  clc- 
nii  111  ap[ir''.iclic.s  Die  extrcine,  many  uf  whlcJi 
i:n:st  (omuiinlc  extieine  total  environments, 

la  nalute,  altliouidi  Individual  dements  do 
c  (  ui-  111  lil.e  iiifcnsiiy,  the  total  weather  is  nev- 


From  the  completed  analysis,  extension  may 
be  made  to  include  a  third  elemejit.  For  exam¬ 
ple,  the  probability  of  rain  occurrlrig  simulta¬ 
neously  with  given  conditions  of  temperature 
and  wind  speed  may  be  deteraiineu  staristically. 
WlthUi  the  limiting  profile  of  Fig.  3-41,  lines  ol 
equal  probability  may  then  be  drawn. 

Another  point  to  consider  in  determining 
practical  combinations  is  that  an  extreme  en¬ 
vironment  may  be  one  that  la  likely  to  occur  In 
any  of  several  geographical  areas,  or  It  hiay  be 
peculiarly  associated  w  1th  a  certain  locality.  A 
hot-dry-wlndy-dusty  environment  approaching 
extreme  prt^rtlons  may  be  found  over  several 
relatively  large  tmeas.  A  combination  of  salt 
spray  and  smog,  on  Uic  other  hand.  Is  more 
characteristically  adapted  to  local  peculiarities 
of  terrain  and  relation  to  the  sea  and  pcilctlori 
sources,  under  ideal  conditions  of  wind  direct¬ 
ion  and  speed,  solar  radiation  and  lapse  rate, 
Tiie  Incluplon  of  environments  that  are  solely 
the  pix.«ucl  of  loc.ll  Influences  may  tend 
to  confuse  tiie  l  elationships  that  normally  exist 
among  elements  in  combination.  On  Uic  otlier 
hand,  wind  that  through  <xidiUe8  of  terrain  lo 
funneled  Into  a  region  of  very  cold  air  may  also 
create  and  environment  Uiat  lies  outside  Uie 
ideal  low  temporature-wlnd  curve.  This  type  of 
exceptional  extreme  eliould  be  retained  in  any 
extreme  environmental  study. 

To  ELialyxe  the  practical  combinations  of 
cnvlronmenls.  It  in  i>est  t/>  cxaniine  environ¬ 
mental  pairs.  Then,  any  one  of  a  pair  can  he 
paired  off  wltJt  another,  and  this  process  repeat¬ 
ed  to  determine  various  strings  of  posBlijle 
combinations.  Wiien  making  a  practical  anal¬ 
ysis  of  a  pair  of  environments,  It  la  necessary 
to  detcrinlno:  (1)  wheUicr  Uic  two  ever  appear 
simultaneousiy,  (2)  whetlier  one  tends  to  inten¬ 
sify  or  weaken  the  other,  and  (3)  whether  Uicy 
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are  more  damaging  jointly  or  sequentially.  This 
type  of  analysis  is  shown  in  Table  3~26  for  all 
ciiiaJ  environments,  Including  natural,  induced, 
and  hyper  environments. 

Combined  Induced  Environments 

■  Hat  of  t;-*i3  Induced  environments  is  given 
in  Tabii-  3'i:  ac  the  beginning  of  this  chapter. 
Like  the  natural  environments,  no  one  of  these 
induced  environments  will  probably  occur  by  it¬ 
self.  Unlike  the  natural  environments,  however, 
tlie  occurrence  of  the  individual  induced  envi¬ 
ronments  are  nut  too  dependent  on  one  anoUier. 
To  date,  the  Interreiatlonchips  between  the  in¬ 
duced  environments  axe  not  exactly  understood, 
although  it  is  probable  that  their  effects  on  each 
r.ihnt  arc  as  great  as  s  tlie  case  wltli  the  com¬ 
bined  natural  environments. 

TJie  many  combinations  of  Induced  enviion- 
ments  that  may  exist  depend  mostly  on  the  type 
of  equipment  being  considered,  its  f'onction,  and 
tlio  various  possible  missions  of  the  weapons 
system.  Since  tlicre  are  many  types  of  equip¬ 
ment  a)id  many  varied  missions,  the  possible 
combinations  would  iiave  to  be  determined  on 
an  individual  ui'.alvsis  basis.  Wlicn  such  an 
analysis  is  made,  though,  it  is  more  advisable 
to  dclern’ine  the  natmai-induced  combinations. 
An  anwysis  of  induced  environmental  pairs  is 
inclnciod  Tabic  3  -2G. 

N'lO.irnl  ami  Induced  Combinations 

Tfic  .nroblcm  of  examining  tlie  combination 
of  i»jtti  a.iiLiral  and  induced  environments  Isa 
complex  o!ic,  since  two  interrelated  complex 
relationship'^  arc  involved.  Too  few  studies 
i  avc  I.'ci  :i  made  in  the  area  to  determine 
the  factors  to  be  e.msidcred.  One  study  /79/, 
v,l',chl;a‘  ocenlly iicen  completed,  recommends 
dull  only  I’lO  Ic  ’iov.dnfi;  environmental  pairs  be 
cmisid-''rcd,  sinr..  o'Jicr  possible  pairs  \1.)  do 
nut  mtcnsiiy  cllecds,  (2)  nculralirc  one  another,, 
(ir,  (3)  i  aniiol  uccur  in  combination. 


Low  teiaparature  and  low  pressure. 

Low  temperature  and  sand  and  dust. 

Low  temperature  attd  vibration. 

Low  tenperature  and  shock. 

Humidity  and  low  pressure.  ^ 

Humidity  and  solar  radiation.  i 

Humidity  and  vibration. 

Humidity  axxi  ozone. 

Low  pressure  and  vibration. 

Low  pressure  and  explosive  atmosphere. 

Solar  radiation  and  sand  and  dust. 

Solar  radiation  and  vibration. 

Solar  radiation  and  ozone. 

Sand  and  dust  and  vibration. 

Vibration  and  acceleration. 

A  complete  analysis  of  combined  natural 
and  induced  environments  is  shown  In  Tsibie 
3-26. 

Environmental  Analysis  ■ 

Each  weapons  system  must  be  analyzed  to 
determine  the  possible  ranges  and  combinations 
of  environments  that  may  bo  encountered  durhig 
operational  life.  All  phases  of  the  mission  pro¬ 
file  must  be  considered,  such  as: 


1.  Transportation  and  haiklling. 

Hi  :li 

I'.iiipcr.iluri  and  humidity. 

2.  Storage. 

icn.poi'uture  .'uid  free  moisture. 

3.  Ground  handling  (pro-launch  or  pre-take 

icmperature  ;uid  low  pressure. 

off). 

Hi,.;. 

lempcrature  and  salt  spray. 

4.  Launch  or  takeoff. 

Hiith 

i  niiicraiure  a.nd  siilar  radiation. 

5.  FligJif. 

Hii;li 

I"miu.'ralut  c'  and  sand  and  dust. 

8.  Reentry  or  descent. 

Hi  >:)! 

t'jmi'Crature  and  vibration. 

Detallc-d  Information  on  liow  ati  environment¬ 
al  analysis  is  tarried  out  is  presented  in  Cliap- 

H  ii:ti 

t'  iniicr.Ttui  e  and  .stiock. 

ter  4. 

Hi!;Ii 

ti  nip'  raiurc  and  acceleration. 

Transportation  and  Handling.  In  Uio  initial 
stage's  oi  transportation  and  nancUlng.  equip¬ 
ments  arc  usually  kept  in  temperate  cllmalcs. 

I  ,(  'W 

tcmp'Tatijre  ami  liunildlty. 

The  principal  environments  tiicy  encounter  are 
sliock,  low  tempci  alurc.  moisture,  temperature- 
condensation,  solar  radiation  and  possibly  sand, 

I.nw 

b  mperafure  tmd  free  moisture. 

h  Cj-'I  i.o«ef  Atrno^phert 


and  dust.  Ordinarily,  because  of  packaging, 
most  of  these  environments  are  negated,  and 
shock  due  to  bandllrg  is  Ujo  only  one  considered 
to  bo  H'-rious.  However,  ejicounlers  could  In¬ 
clude  shock  In  varying  combinations  witli  (not 
all  slmoltaneouslv)  moisture,  solar  radiation, 
temperature-con Jonsatlon,  sand  and  dust,  low 
tc—ipcrat’Te  and  lilg.h  temperature. 

As  equipment  moves  on  the  surface  through 
various  areas  and  climates,  typical  combina¬ 
tions  likely  to  be  encountered  are  chock  and 
salt  spray;  filgh  temperature  and  salt  air;  htgh 
ianiperature,  solar  radiation,  and  sliock;  low 
temperature  and  shock;  and  moisture  and  shock. 

When  cqnlpmvnL  Is  transported  by  air,  the 
combinedciivironments  encountered  will  gener¬ 
ally  be  the  same  as  these  encountered  in  flight 
operations. 

Storage.  Combinations  of  environmental  ex¬ 
tremes  arc  rarely  cnco'intcrcd  during  storage. 
Those  environments  met  Include  high  temper¬ 
ature,  low  temperature,  fungus,  humidity,  tom- 
pcrature-condriisalion,  and,  depending  upon  tlie 
tjpe  of  storage,  rain,  i'lwing  snow,  salt-spray, 
solar  radiation,  sand  and  dust,  _and  possibly 
eliock. 


in  a  very  bro-.d  ;;cn.sc.  tlic.se  environmental 
c.xtrcmo'j  could  lio  encountered  in  combinations, 
sucti  as;  low  temperature  and  blowing  snow; 
liigh  temperatu’-c  and  .solar  radiation;  humidity 
and  fungus;  tmj  hii’li  temperature  ana  sand  and 
dust. 

AS  in  transportation,  shock  due  to  handling 
to  :uid  froni  stor.ip.e  could  occur  in  combinatton 
witii  ajiV  (.'f  tlie  Oilier  cominned  or  single  envl- 
rori inn  Ills, 

Cround  During  ground  handling, 

wliKti  Uie  pre-lniinch  nr  nre-ta.keof! 

phase  <■!  Li.c  r.'iis.siijn  prof ilc,  fligb.l  vctiicles  may 
be  exp.). -ed  to  combi'ied  environmcnlaJ  extremes 
such  as  (1)  lo'-  t' inuerature,  blowing  snow,  and 
shoi  kand  vibra' ton;  (2)  tiigli  temperature  solar 
radial i  111,  andsiiock  ;uid  viliration;  (3)  liigfi  tem- 
pcratuic,  sand  and  dust  or  rain,  and  sliock  and 
vibra'j  ui;  and  (1)  tempeiHture-condensation 
and  sli-'ck  and  vlbrallon, 

Ojim  it  i-'n,  I'  li  ing  actual  system  operation 
vliuit  includes  t’le  launch  of  t.nkeoff,  flight,  and 
reel  t'  >  or  dc.s(  crii  (lorilons  of  tlie  mission  pro¬ 
file,  a  fliu’it  \il,icle  expcricnce.s  the  most  com¬ 
plex  a. id  severe  i  oiiil'malioiis  of  environments. 
'Iliin  ci  due  primarily  to  Itie  fact  Uiat  during 
operation  nnany  ul  Pie  induced  environments 
exi;.l.  in  sonu'  degree,  continuously.  A  lyplcal 
t.v.uii;iU  i  t  eiivlioMinental  coinliinallon  occurrlnf' 
dur ill;',  tlie  ground  liancUing,  and  operation  phases 
oi  a  mission  profile  arc  shown  in  Fig.  3-42,  A 
detail''ddi.scunSioii  of  the  environments  encoun¬ 
tered  tiuring  buinch,  flight  .and  reentry  is  given 
in  iliO  "J’'ii;lit  I’ailis"  section  of  Cliapter  2. 


Combined  Environmental  Effects/7 9/ 

The  following  psiragraphs  discuss  the  effects 
of  various  environmental  pairs.  The  coverage 
does  not  repeat  the  effects  of  each  environment, 
but  discusses  only  how  the  combination  may  in¬ 
tensify,  neutralize,  or  add  nothing  to  the  indi¬ 
vidual  effects.  Many  combinations  not  consider¬ 
ed  significant  are  excluded. 

High  Temperature  and  Humidity.  High  tem- 
peraiure  tends  to  Increase  the  rate  of  moisture 
penetration.  The  general  deterioration  effects 
of  humidity  are  increased  by  high  temperatures. 

High  Temperature  and  Low  Pressure.  Each 
of  these  environments  is  dependent  on  tlie  ouicr. 
For  example,  as  pressure  decreases,  ourgas- 
sing  of  constituents  of  materl^s  IhcroHaes, 
and  as  temperature  increases,  the  rate  of  outgas- 
slng  Increases.  Hence,  each  tends  to  intensify 
the  effects  of  the  other. 

High  Temperature  and  Salt  Spray.  High  tem- 
peralurc  tends  to  increase  the  rate  of  corrosion 
caused  by  sail  spray. 

,  High  Temperature  and  Solar  Radiation.  This 
is  a  nalui'iu  combination  that  causes  increasing 
effect j  oil  organic  materials. 

High  Temperature  smd  Fungus.  A  certain 
degree  of  high  temperature  IsTiecesBary  to  per¬ 
mit  fungus  and  microorganisms  to  grow.  But, 
above  160  F  (71  C)  fungus  and  microorganisms 
cannot  develop. 

-  High  Temperature  and  Sand  and  Dust.  The 
erosion  rate  of  sand  and  dust  may  be  accelerat- 
edby  high  temperature.  However,  high  temper¬ 
atures  reduce  sand  and  dust  paietratlon. 


High  Temperature  yid  Shock  and  Vibration. 
Since  both  of  these  environments  affect  common 
material  properties,  they  will  intensify  each 
other’s  effects.  The  amount  that  the  effects  are 
Intensified  depends  on  the  magnitude  of  each 
'•n-ironment  in  the  combination.  Plastics  and 
polymers  are  more  susceptible  to  this  combi¬ 
nation  than  metals,  unless  extremely  high  tem¬ 
peratures  are  Involved. 

Htgh  Temperature  and  Acceleration.  This 
combination  produces  the  same  effect  as  hlgi. 
temperature  and  shock  and  vibration. 

High  Temperature  and  Exploalve  Atroos- 
phcrc.  ^Temperature  has  very  litUe  effect  ori 
Iho  ignition  of  an  explosive  atinoaphere.  But  It 
does  affect  the  atr-vapor  ratio  which  is  an  im¬ 
portant  consideration. 

High  Temnerature  and  Ozone.  Starting  at 
about  300  F  (ISD  C),  temperature  starts  to  re¬ 
duce  ozone.  Above  about  520  F  (?.70  C),  ozone 
cannot  exist  at  pressures  normally  encountered. 
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I'i.;.  3-‘12.  ComlancU  environincnts  encountered  during  ground  handling  and  operation  phases  Ot 
lyi’ir  aJ  (iij;aion  pint ilc./80/  (Courtesy  of  Bell  Aircraft  Corp.) 


I  .£r,'  Ten  •''Taturo  and  Huiiiidity.  Humidity 
dcirnaV'-s  -.s  tUi  I  ’mporalure,  but  low  temper- 
ai induces  moisture  cotidensation,  and,  If  the 
tO-'m/M-atui-''  iri  In'.v  (jnuugli,  fncsl  or  ice. 

*  —  1  __JT  _  ..  ..A..  — _ —  rr'l  i 

I .  'V  _J.  ?.  i:*mv^rritur«=  i^uw  iiii» 

1  ouiiana' i'Ui  can  .uacTLiale  Icaltagc  llirough 


[.  2  ’'■'*1'*  t-  niid  Salt  .Spray.  Lo’"  tem- 

[  !  I  II  il  l.  j  _  Km  I'.s  "Ttic  corrosion  rate  of  salt 


I  |■.^_T^M.i^■|,’l;ltuI■c  and  Solar  Radiation.  Low 
t  !,  jii  r.Tt.Ti  i  '‘uilTlciTu  to  rcnucc  the  effects  ol 
i-i-’  ,1'  r;>il i.c  M 'U,  and  I'ico  versa, 

1  Tenipnrnturc  and  Saii'i  and  IXist.  Low 
t  ra'.ui'i'  increa..scjs  Just  peiiciration. 

I  '  I,  T‘"  mi'i  -itiira  and  Fiiniais,  Low  temper- 
ai'i:  I'  I'cJvii  I'S  fuii'pis  n;(r.vtli.""At  suh7.ero  Icm- 
p.i  1  .c an  a,  will  renia In  tn  suspended  ani¬ 

mat',  in. 

[  I  i  .v  'I'i ' 1 1  j  1  mu d  u ityjt  1 1 d  Shock  and  Vlhratlon. 
1  "  I.  ti.'iiipi  I  :iUi  1  e  lemls  to  iiitensily  tiic  fllects 
III  siiDi  k  ni'l  viliralion.  It  Is,  tiowever,  a  con- 
si  !•  r.ili'in  'iiily  at  very  low  temperatures. 


Low  Temperature  and  Acceleration.  This 
coHl;ination  produces  the  same  eifect  as  low 
temperature  and  shock  and  vibration. 

Low  Temperature  and  Explosive  Atmosphere . 
TemperaLure  lias  very  iitue  eiieci  on  Uie  igni¬ 
tion  of  an  explosive  atmosphere.  It  does,  how¬ 
ever,  affect  the  alr-vapor  ratio  which  li.  an  Im¬ 
portant  consideration. 

Low  Temperature  and  Ozone,  Ozone  etlects 
are  reduced  at  lower  tempera'tures,  but  ozone 
concentration  Increases  witli  lower  temper¬ 
atures. 

Humidity  and  Low  Pressure.  Humidity  In- 
creascsliie  elfe^to  of  low  pressure,  particular¬ 
ly  In  relation  to  ■’lectronlc  or  electrical  equip¬ 
ment.  However,  Um  actual  effectiveness  of  this 
combination  Is _det.t  "mined  largely  by  the  tem¬ 
perature  of  the  envlrcnmeiit. 

Humidity  and-Salt  Spray.  High  humidity  may 
dlTutelhe  salt  concentration,  but  it  has  no  bear¬ 
ing  on  the  corrosive  action  of  the  salt. 

Humidity  and  Fun^s.  Humidity  helps  tlio 
growth  oTlungus  and  microorganisms  but  addn 
nothing  to  their' effects. 


Ffiiniidiiy  and  S.yd  and  EXist.  Sand  and  dust 
have  a  naturaJ  aifinlty  for  water,  and  so  this 
ron'.luinitiun  iiK  i  cases  deterioration. 

H'lmidity  and  Solar  Radiation.  Humidity  in- 
tcnsjji'os  Hie  ^otenoratine  elfects  of  solar  ra¬ 
diation  on  organic  materials. 

Humidity  and  V'iOrntion.  This  combination 
teri^to  increase  tJie  rate  of  breakdown  of  elec- 
trlcaJ  inateri.'il. 

Hnnilditv  and  Shock  and  Acceleration.  The 
periods  of  shock  and  acceleration  are  consider¬ 
ed  too  short  for  tiieso  environments  to  be  affect- 
ted  by  humidity, 

Himiidi^y  a.nu  T-.^ilosivc  Atmosphere.  Humi¬ 
dity  naij  lio  'effect  on  tl.e  ignition  of  an  etplo- 
sive  aimosplicre,  but  a  l:igh  humidity  will  re¬ 
duce  tiie  pressure  of  an  exidosion." 

Hunodity  and  Ozone.  Ozone  reacts  with 
motsture  to  form  liyclrogen  peroxide  which  has 
a  greiucr  deteriorating  effect  on  plastics  and 
elasionicrs  Itian  the  additive  effects  of  moisture 
and  ozone  Uicmsolves. 

_I^ros3urc_and  b'aic  Spray.  This  combi - 
nationls  not  cxpeclcTlo  occur. 

liP.w  _ l'.n'fisu re _ and  Solar  Radiation.  This 

coTnoin,!'' ioa'acldb  noii’.ing  to  Uic  overall  effects. 

Low  Pressure  aJ(J  Fungus.  This  combination 
adils  iioiaiiu;  to  tno  overall  effects. 

Low  'MTssure  and  Sand  and  .Oust.  This  com- 
binat  loiTciui  only  occur  tn  exireme  storms  dur¬ 
ing  wl'idi  .snirUi  dust  particles  are  carried  to 
high  ;iildudcs. 

Low  I'ressure  and  Viiiration.  This  combina¬ 
tion  uiicnsMos  t,.o(  ls  »n  air  equipment  catego¬ 
ries,  h'.;i  niosliy  w  ilIi  dec  tronic  and  electrical 
equip  m  enl. 

Lcr.\  ss-irc  and  Sliock.  or  Acceleration. 
Tiics'j  c  !')!is  oriy  become  important  at 

Llie  hyp'  i'  environmental  levels,  in  combination 
witii  higii  temporatu)  e, 

Lo;'.; _ I’r'  .'sure  _and  _Jvxx;losivc  Atmosphere. 

At  low  [’n  a.surcs,  an  electric^  discharge  is 
ea.sicr  I  '  l1'.v(?1op,  out  Uie  cxjilusive  atmosphere 
is  liarcic;  to  igndc, 

ydi_S;'i;'y  mui  Fungus,  Tliis  is  ccjiisldered 
an  incorin.i' iT.il'.’  i  uniliiiiaTion. 

SaH.,-:  l  av  an.l  Sand  and  IXi.st.  TIiLs  will  have 
till'  s.ii’,''  I  oiiioin'  d  I'llcct  as  liumidily  and  sajid 
aii.i  cl  j'  ! . 

Salt  Spr:>;._and  V'ibralion.  Tills  will  liave  the 
saiiK  L ' ;1  'i.n.  J  •  ffuct  To  liiHi’idity  and  vibration. 

Sa!t_Si'i  .r.  and  k  or  Acceleration.  Tlicse 
(  oiiii'ir.!' 1  "I'.s  i!!  id'ace  no  added  eTfc.'cts, 

Salt  Spi  a.y^.nd  hxnlnsivc  Atnios|)here.  This 
i';  Tt  ,  1  an  1  ivi Mil]  It d lie  ccjinliination. 


Salt  Spray  and  Ozone.  Those  environments 
have  U'.e  same  combined  effect  as  humidity  and 
ozone. 

Solar  Radiation  and  Fungus.  Because  of  tlie 
resulting  heal  from  solar  radiation,  this  com¬ 
bination  probably  produces  the  same  combined 
effect  as  nigh  temperature  and  fungus.  Furtiier, 
the  ultraviolet  In  unfUtered  radiation  is  an  ef¬ 
fective  fungicide. 

Solar  Radiation  and  Sanci  and  l^st.  It  Is  sus¬ 
pect^  that  this  ramblnatlon  will  produce  high 
temperatures. 

Solar  Radiation  and  Vibration,  Under  vi- 
bratTon  conditions,  solar  radiation  deteriorr-re" 
plastics,  elastomers,  oils,  etc.,  at  a  higher  rgte. 

Sclar  Radatlon  afld  Shock  or  Accelerations. 
These  combinations  produce  no  added  effects. 

Solar  Radiation  and  E^loslve  Atmosphere. 
This  combination  probably  produces  no  addecl 
effects. 

'Solar  Radiation  and  Ozone.  This  combination 
Increases  the  rale  of  baldallon  of  matorials. 

Fungus  and  Ozone.  Fimgus  la  destroyed  by 
ozone. 

Samd  and  Pust  and  Vibration.  Vibration 
might  possibly  increase  the  wearing  effects  of 
sand  and  dust.  - 

Shock  and  Vibration.  This  combination  pro- 
duces  no  added  effects. 

Vibration  aud  Acceleration.  This  comblna- 
tlohpnxluceB  increased  elfects  when  encounter¬ 
ed  with  high  temperatures  and  low  pressures  In 
the  hyper  environment  ranges. 

Multiple  Combinatlo^ns.  Tne  results  of  one 
evaluation  program  /Id/  suggest  Uiat  the  fol¬ 
lowing  environmental  combinations  produce  es¬ 
sentially  the  same  effects  as  all  of  the  envlron- 
uiont  pairs  descrllxjd  above: 

Transportation  and  Operation  Environments 


1.  Vibration 

Temperature  extremes  (cycling  and 
shock 

Humidity 

Altitude 

2.  Shock 

Tenipcrature  extremes 

3.  Acceleration 
Temperature  extreir  eg 


4.  Explosive  almoBphere 


(a)  Tfiii[iL'ra.turc; 


(b)  Altitude 


(c)  Aii  -luel  mixture 


Ground  Handling  Environments 


1.  Humidity  ext.  ernes  (eyrllng) 


Temperature  extremes  (cycling) 


Sunshine  and/or  rain 


2,  &ind  and  dust 


High  ten'pernf ere 


Solar  radiation 


Lenv  humidity 

ENVIff.ONML'Ni'.M.  EFFECl'S  ON  HUMANS 

AUi.iiU:;!;  tfm  'a'eapon  system  itseli  may  be 
properly  ,dnsj,:i;cd  to  withstand  tiie  various  en¬ 
vironments,  it  II. ay  still  fail  to  perform  its  mis¬ 
sion  It  tie;  environment.s  prevent  the  operators 
from  doi?,';'  t!ie;r  jeb.  The  system,  tlien,  must 
he  liu!i'.an-cr  tnKcred  This  section  presents  a 
sunmiai  y  of  t:ie  important  environmental  efiects 
on immaao,  sucli  as  noise,  acceleration,  wclght- 
lessm.'S.s,  temp'  raiure  and  hnniiclity,  raedation 
:uid  fieai  ial  pi.y.sical  comJort.  The  matcriail 
prcscnieJ  i.s  moifiy  intended  to  introduce  the 
prehicnib  that  i.'^t.  More  detailed  information 
IS  I'V.  eii  d  m  r'set  cnc’S  hi,  82,  83/. 

li'  ’ 

Fojn  j  ni'-.e='i'-enients  are  usually  given  In 
deeii'el.s  \'Jb).  Typical  sound  levels  generated 
l-y  .sucli  .sou.'-t  c  .s  as  jet  engines,  trtiffic  and  fac¬ 
tories  ai'j  IT.  "11  in  "T.he  Handl-ook  nf  Noise 
Meusui '  iinmi."  I'ulili.slicd  hy  Genei 'll  Radio  Co., 

(  amht  I'.',-",  M.ms. 

It  i:  (liliir'.iit  to  judge  the  effects  of  noise  on 
humatr;,  since  t'lf  effect;!  are  generally  related 
to  the  iiKiilal  attitude  of  Uie  individual  and  his 
previous  expi.sure  to  various  noises.  However 
noi.se  may  ha.'e  one  or  all  of  llie  following  ef¬ 
fects  tvi  a  person: 

1.  It  may  c>n!v  annoy  liiin. 

2.  It  may  disturb  his  sleep. 


—  3.  It  may  liitorforn  with  hla  ability  to  hear. 
This  Is  called  masking. 

A,  It  may  cause  progressive  damage  to  his 
hearing,  eventually  leading  to  dealness. 

Damage  to  hearing  depends  upon  the  Intensi¬ 
ty,  frequency  and  duration  of  the  noise.  The 
greatest  damage  to  hearing  occurs  in  the  fre¬ 
quency  range  of  500  to  200C  cps.  Sudden  damage 
may  result  from  the  noise  of  a  blast  or  an  &i- 
ploslon.  Gradual  damage  may  result  from  con¬ 
tinual  exposure  to  noise  over  a  long  period.  A 
steady  noise,  such  as  from  an  aircr^t  engine, 
will  be  less  likely  to  damage  hearing  than  an 
Impulsive  noise,  such  as  from  a  pneumatic  drill, 
/37,84/ 


Acceleration 

The  effects  of  acceleration  depend  on  the 
body  position  relative  to  the  direction  of  the  ac¬ 
celerating  force.  Tlie  effects  of  a  longitudinal 
accelerating  force  applied  against  a  person 
lybig  face  down  or  on  his  back  are  os  follows; 

M/ 

0  g  Weightlessness  will  occur. 

1  g  Normal  gravity. 

2  g  Hands  and  feet  wlU  feel  heavy,  ma-klng 
It  dlfncult  for  a  man  to  walk  or  climb, 

3g  Walking  and  climbing  will  be  im¬ 
possible.  Crawling  will  be  accomplished  with 
difficulty.  Soft  tissues  in  the  body  will  begin  to 
sag. 

4g  Great  difficulty  will  be  encountered 
in  moving  the  b(xly.  Crawling  will  be  almost 
impossible. 

5g  Only  Blight  movements  of  arms  and 
head  will  be  possible. 

The  efiects  of  accelerations  greater  than  5 
g’s  can  range  from  labored  breathing  and  black¬ 
out  to  structural  damage,  especially  to  the 
spine. 

Higher  g-levels  have  less  effect  on  humans  In 
a  prone  position  when  the  accelerating  force  is 
tranverseto  the  body.  For  instance,  only  slight 
confusion  of  the  subject  wlU  occur,  and  loss  of 
consciousness  wUl  jiot  take  place  until  a  force 
ol  17  g’s  is  reached.  Also,  no  structural  dam¬ 
age  to  the  body  will  take  place  until  an  acceler- 
atlngforceof  30  to  45  g’s  is  reached.  In  gener¬ 
al,  a  person  in  a  sitting  or  upright  position  will 
idsobe  affected  less  If  the  accelerating  force  is 
transverse  rather  than  longitudinal  relative  to 
the  body./05,  06/ 

Certain  post-acceleration  affects,  such  a-s 
vertigo  ana  nausea,  and  occasionally  rapid  In¬ 
voluntary  oscIHatljns  of  the  eyeball,  will  occur, 
Irut  tlieso  symptoms  usually  last  only  a  few  mi¬ 
nutes. 


3-r)0 


WeiiTl'tl^ssncss 

Whrn  a  human  enters  a  zero-gravity  environ¬ 
ment,  he  tends  to  lose  his  sense  of  orientation. 
For  example,  he  would  not  know  whettier  hie 
arm  is  hanging  at  his  aideor  stretched  out  In 
front  of  liim.  If  he  wanted  to  pick  up  a  pencil 
he  would  first  have  to  l.ook  at  his  hand  to  find 
otitwher«.;  is.  Tlien,  watching  hie  hand  closely 
he  wcAiid  guide  u  to  tlie  pencil.  In  the  dark,  his 
senses  could  not  tell  him  if  he  were  lying  down 
or  standing  up. 

Tile  worst  psychological  efiecl'of  weigiillc.ss- 
ness  might  be  felt  when  the  Individual  is  asleep 
or  trying  to  sleep.  There  may  be  a  constant  sen¬ 
sation  of  falline  or  perhaps  floating.  This  might 
lead  to  a  dread  of  sieoj)  and  a  resultant  pattern 
of  disturbing  fantasies,  and  even  panic.  Welght- 
leistic'ss  can  only  be  simulated  on  Earth  for 
shoit  periods,  so  additional  experience  la  nec¬ 
essary  to  understand  more  fully  the  effects  of 
weigiitlessness.,''85,87,88/ 


"Lu.j  Temperntnre 

Low  temperatures  cause  loss  of  body  heat, 
resulting  in  shivering  and  tremors.  In  addition 
tlioro  may  lie  a  reduction  of  blwd  flow  to  the 
limits,  which  cnuld  result  in  injuries.  When  ex¬ 
posure  to  low  teu'perat urc  follows  physical  ex- 
liaustion,  the  progressive  rosuits  are  weakness, 
sleep,  paralysis  and  finally  death. 

It  is  not  ixjssiiiK'  to  state  precisely  the  low 
temp'-rature  limit  for  the  performance  of  var¬ 
ious  human  fu:u  !i'.ns  because  tills  is  irJlueticed 
by  many  variaidos.  However,  if  the  body  tem- 
peralu'  e  is  maintained  at  Uic  normal  level,  a 
bare  hand  can  lio  hept  fairly  comfortable  for  a 
few  inmutcr  ai  a  .uniperature  of  -34  C  (-29  F) . 
A  Ixidy  t  nipcrature  below  aloout  21  to  23  C 
(70  to  V."  i')  will  c.ausc  (icatli./3/ 


H  igh  d  ■  !;'.j;'.'raiiji'e  and  Humidity 

The  1  cnerirl  uifocts  of  higii  temperatures, 
dcpcridirr  rpoa  cli  gi  ee  and  lcm;Ui  of  exposure, 
are  a;  iiirr,  iou;,  oi  efficiency,  we.ikncsa,  hcad- 
acn.'JE,  d;!:ii  uliy  m  brcaiJiirig,  nausea,  increased 
berJy  tempcral.' imat  struVee  arid  convulsions. 

ifiiriiidiiv  affects  .sweat  evaporation,  and  so 
has  a  h'  ir  mg  Mil  Uic  ('{fects  rf  liigh  temperatures 
on  hun  .ip  -..  I  Or  example,  a  human  may  endure 
a  tciiipcj  atu re  of  133  C  (257  F)  in  a  dry  atrrios- 
pliei  e  I'U  ci<;!it  minutes  wiUiout  ill  effects. 
II''W'j\  .  r,  if  ilic  liumidity  roadies  tfie  point  of 
saiurati  'u,  a  temperature  of  only  50  C  (122  F) 
can  lie  f.ulured  I  'r  eight  minutes  without  111  ef- 
lecls.  ^ 

Heal  loss  (  an  occur  by  conduction,  convect¬ 
ion,  radiation  and  evaixiration  of  water  from  the 
lunr.s  ,1  d  S'Un.  Conduction  plays  a  very  Binall 
part  in  (('  ilin  •  th(‘  t»)dy,  as  it  only  occurs  when 


the  body  la  In  contact  with  a  cold  object.  The 
heat  loss  from  the  body  sui’face  to  air  by  con- 
vc-ctJon  Is  proportional  to  the  difference  between 
their  temperatures,  Tn  moving  air,  the  con¬ 
vection  effect  increasoB  roughly  as  the  square 
"root  of  the  air  speed.  By  radiation,  the  body 
exchanges  heat  with  its  surreundings,  such  as 
_walls,  at  a  rate  proportional  to  the  oifforonco 
between  the  fourth  powers  of  their  absolute  tem¬ 
peratures.  Howevein  the  radlaiit  surface  of  tlie 
-human  body  Is  only  70  to  85  percent  of  the  total 
surface,  or  about  14  to  17  square  feet.  Evapor¬ 
ation  contributes  to  body  heat  loss  to  a  rapidly 
'Increasing  extent  the  closer  the  temperature  of 
the  environment  comes  to  that  of  the  skin,  and 
the  smaller,  therefore,  becomes  the  amoimt  of 
'heat  that  can  be  lost  by  convection  and  radiation. 

'■  In  air  at  or  above  95  F  (35  C),  pracUcaj-y  ad 
heat  loss  of  the  body  is  due  to  evaporation.  The 
rate  of  evaporation  is  proportional  to  the  dif¬ 
ference  in  vapor  pressure  at  the  skin  and  of  the 
surrounding  air,  as  wall  as  to  the  speed  of 
..movement  of  the  air.  To  lower  the  body  tem¬ 
perature  of  an  average  man  by  1  degree  C  re¬ 
quires  the  evaporation  of  about  120  grams  of 
Bweat./90/ 


"Hadlatton 

“Space  vehicles  and  their  crews  will  be  ex¬ 
posed  to  many  types  of  radiations.  Some  ol  the 
more  Important  types  are  X-rays,  steady  ul¬ 
traviolet  radiation  and  cosmic  radiation.  Most 
forms  oi  radiation.  Including  solar  radiation  Ln 
the  visible,  ultraviolet  and  soft  x-ray  region, 
do  not  constitute  a  hazard,  since  they  can  bo 
stopped  or  weakened  by  thin  layers  of  struct¬ 
ural  material.  However,  cosmic  radiation  has 
great  penetrating  power  and  can  cause  radiation 
sickness  and  other  physiological  e£iect8./44,91/. 

The  ill  effects  caused  by  various  amounts  of 
cosmic  radiation  are  still  undecided.  A  human 
may  be  exposed  to  small  aniountD  oI  eoBiViio  ra¬ 
diation  and  not  suffer  any  genetic  ill  effects, 
Fcr  example,  exposure  to  0.3  roentgen  (r)  per 
week  or  an  average  dosage  of  5  r  per  year  is 
considered  acceptable  for  industrial  expcwure. 
However,  U  a  person  Is  exposed  to  cosmic  ra¬ 
diation  in  excess  of  these  amounts,  various  ra¬ 
diation  symptoms  will  appear,  depending  on  the 
dosage.  For  example,  a  dosage  of  100  r  to  200 
r  causes  hemorrhaiges,  a  low  white  blood  cell 
count  and  livid  spots  on  the  skin.  Full  recovery 
may  be  expected  within  two  montlis.  A  dosage 
of  200  r  to  400  r  is  severe  and  requires  hospi¬ 
talization  of  the  Individual,  but  a  fulj  recovery 
Is  prob.tble  if  treatment  is  started  Immediately 
after  exposure.  A  dosage  of  500  r  causes  diar¬ 
rhea  and  fever,  and  death  is  almost  certain  to 
take  piece  within  two  weeks.  A  dosage  of  2000  r 
causes  convulsions,  tremors,  lethargy  and  a 
general  lack  of  coordination.  Death  is  certain 
to  take  place  within  two  days  after  exposure.  In 
eneral,  a  person  exposed  to  betv/een  400  and 
00  r  has  a  poor  change  of  recovery,  (85,92) 
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Pliysir  aJ  Comfort 


T)i<’  proceeding  parasraphs  have  Indicated 
some  01  the  environmental  factors  Involving 
liunian  coatXort.  There  are  also  factors  such  as 


composition  and  pressure  of  the  atmosphere, 
food  requirements,  problems  due  to  confinement 
anu  iscla'-'on,  iinccinfcrtal'le  clothing  and  nu¬ 
merous  others,  rnysical  comfort  varies  for 
different  individuals,  and  each  person  will  react 
differently.  In  general,  comfort  is  a  quality  that 
an  individual  is  unaware  of,  until  a  feeling  of 
discomfort  is  introduced.  For  example,  if  the 
-abin  temperature  is  20  C  (C8  F)  a  pilot  may  be 
quite  oblivious  to  the  sound  of  his  breathing; 
but  if  tiie  tompsraturi  is  increased,  his  former 


comfort  is  interrupted  because  of  compensating 
body  rJtanges,  and  breathing  may  suddenly  be¬ 
come  a  serious  burden,  A  complete  understand¬ 
ing  of  ihe  comfort  that  must  be  maintained  In  a 
manned  space  vehicle  has  yet  to  be  determined. 
/85/ 


SUMMARY  OF  ENVIRONMENTAL  EFFECTS 

A  summary  of  the  m^or  environmental  ef¬ 
fects  is  given  In  Table  3-27.  Most  of  the  effects 
covered  pertain  to  materials.  However,  many 
of  the  resulting  effects  on  components  and 
equipments  can  be  deduced  from  the  "Typical 
Failures  Induced"  column  of  the  table. 


Table  3-27.  Summary  of  Environmental  Effects  /93/ 


Knvi  ronnion'. 

Principal  effects 

Typical  failures  induced  i 

Ilj;;h  li  m[icraturc 

ThcriTTl  aging: 

Insulation  failure; 

Oxidation 

b'tructural  change 

Chemical  reaction 

Alteration  of  electrical  properties 

.<^ftcning,  melting  and  sublimation 

Structural  failure 

Viscosity  reduction  and  evaporation 

Less  of  lubrication  properties 

Physical  expansion 

Structural  failure; 

Increased  mechanical  stress; 

Increased  wear  on  moving  parts 

1  o'.v  li  •r.p''ia'  fc 

Increased  viscosity  and  solldlfica- 

Loss  of  lubrication  properties; 

tion 

-  --  -  ^ 

Ice  formation 

Alteration  of  electrical  properties 

Ihnbriltlemenl 

Loss  of  mpchanlcal  strength; 

C  racking ,  f ractu  re ; 

Physical  contraction 

Structural  failure; 

Increased  wear  on  moving  parts 

Moisture  ahsorjitlon 

Swelling,  ruffture  of  container; 

■ - - 

Physical  breakdown; 

Loss  of  electrical  strength 

Chemical  reaction; 

Lose  of  mechanical  streugtb; 

Corrosion  _ 

Interference  with  function; 

Electrolysis 

Loes  of  electrical  properties; 

Increased  conductivity  of  insulators 

1/OW  n  l.lliVf 

IVnslccalion: 

Loss  of  mechanical  strongth; 

luiiniilily 

Ernbrittlemont 

Structural  collapse; 

Alteration  of  electrical  properties, 

1 

Granulation 

"dusting" 

I 


1 

:  i 
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Triblo  3-27.  Summary  of  Environmental  Effects  /93/  (continued) 


Kiivh  ’iriincnl 


High  prcRSure 


Principal  effecte 


Solar  radiation 


Sai'd  ajid  dust 


Compression 


Expansion 


fXitgassing 


Reduced  dielectric  strength  of  air 


Actinic  and  physicochemical 
reactions;  _ 

Embrittlement 


Abrasion 


Clogging 


Chemical  reactions; 


Corrosion 


Electrolysis 


Force  application 


]k[KtsiUon  of  inalcrials 

Heat  loss  (low  velocity) 
H'‘at  gain  (high  velocity) 


Physical  stress 

Water  absorption  and  Inimorslon 


Erosion 


Corrosion 


Typical  failures  Induced 


StruoturiU  coUnpso;  ^ 
Penetration  of  eeaUng; 
Interference  with  function 


Fracture  of  container; 

Ebqiloslve  eiqtaiielon 

Alteration  of  electrical  properties; 
Loss  of  mechanical  strength 

Insulation  breakdown  and  arco  sr; 
Corona  and  oaone  forrnatlod 


Surface  dotertorsUon; 

Alteration  of  electrical  properties; 
Discoloration  of  Materials; 

Ozone  formation 


Increased  wear; 

Interference  with  function; 
Alteration  of  electrlc.'vl  propertlee 


Increased  wear; 
liOBP  of  mecliaulCui  StieiigMi; 
Alteration  of  electrical  properties; 
Ini  erferenoe  with  function 

Surface  dotoric ration; 

Structural  weakening; 

Increased  conductivity 


Structural  coUapsc; 

Inteiferencc  with  function; 
lyoss  of  mechanical  strength 

Mechanical  interference  and  clogging; 
Abrasion  accelerated; 

Accelerates  low-temperature  effects 
Accelerates  hlgh-temperalure  effects 


Structural  collapse; 

Incroano  In  weight; 

Aids  heat  removal; 

Electrical  failure; 

Structural  weakening 

Removes  protective  Cuatlrgs; 
Structural  weakening; 

Siirface  deUirloratlon 

Enhances  chondcal  reactions 


Tiblo  a-27.  Sumnruirjr  of  EnvlroCiinen(iil  Rffiictb /i'3/  (continued) 


I  ^!nv^lonmcnt 

Principal  offeota 

Typical  failures  Induced 

Temprrature  shock 

Mechanical  sti«n8 

Structural  ooUapso  or  weakening; 

Seal  damage 

'  ‘*pccd  parftcior 
(nvicl^ar  IrrHcliaMon) 

Iloatirif? 

Thermal  aging; 

Oxidation 

Trn.nemutatlon  end  Ionization 

Alteration  of  chemical,  pliysical 
and  eteotrioal  properties, 

Production  of  gases  and  secondary 
particles 

Zero  "  'ty 

Mechanical  atreas 

Interruption  of  gravlty-depend;  nt 
functions 

Absence  of  convection  cooling 

Aggravation  of  hlgh-tomporature 
effects 

( );’.ono 

Chemical  rcactlona- 

Rapid  oiddatlon; 

Crazing,  cracldng 

Alteration  of  electrical  propenios; 

Embrittlement 

Loee  of  meohanlca]  strength; 

Granulation 

InterferoQcj  with  function 

J'.cduced  dielectric  strength  of  air 

i  Ik  ak  m  •• 

mausmtwvIwwu  fuixJi  caavvrV4 

1  .\lil(i;;ivc 

Severe  mechanical  atreas 

Rupture  and  cracking; 

(I'Tornpr  Sn'im 

Structural  coUapoe 

Chemical  reactions; 

ContarrJnatlon 

Alteration  of  physical  and  electrical 
properties 

Re-Hiced  dielectric  strength 

Insulation  breakdown  and  arcovor 

Ac<;(lM;i'.  jn 

Mechanical  stress  --- 

Structural  collapse 

j  Vitjr’it’o:'. 

Mechanical  stress 

Loss  of  mechanical  strength; 

lutorfercpoe  with  function; 

Increased  wear 

Fatigue  — 

Structural  collapse 

ii'  (iflfly 

Induced  magnetization 

Interference  with  function; 

Alteration  of  electrical  prupertlea; 

Induced  beating 

Chiirt  1.  Vibration  Environment  At  Various  Locations  on  Tiirboprop  Tionsports 


Chart  Z. 'Vlbi.  stion  Envtronincnt  At  Various  LocatloiiB  on  Jet  Bombers  (continued) 


Aikcurr  irit<  ft! 

(Cr»r  ni) 


M  er 
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Cliart  2.  Vibration  Pnvlroninent  At  Vaxloua  Locationa  on  Jet  Bombers  (oontlnued) 


Chart  2.  Vltrallon  Environment  At  Varljuo  Locations  on  Jet  Dombers  (continued) 


Chirt  3.  Vibration  Environment  At  Various  Locations  on  Century  Jet  Flglitors  (continued) 


Ch.in  3.  Vll'railon  Environment  At  VerSoua  IjOcatlonB  on  Century  Jet  Fighters  (continued) 


Cli.irl  ;<■  Vll'i  nUon  Environment  At  V»riouB  Locations  -^n  Century  Jet  Fighters  (continued) 
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CHAPTER  4 


ENVIRONMENTAL  REQUIREMENTS 


The  nature  of  the  cnvlronrnentB,  where  anci 
when  they  O' and  tJielr  effects  have  been  co¬ 
vered  ‘n  previous  portions  of  this  handtxuk.  In 
tfiis  chapter,  metliods  are  described  for  estab- 
fishinj;  environmental  criteria  for  specific  sys- 
tems  and  vehicles.  These  criteria  are  neces- 
sary  because  the  designer  or  engineer  must 
have  stated  limits  in  which  to  work  If  he  Is  to  de¬ 
sign  or  develop  anything  In  a  practical  manner. 

He  must  know  the  product’s  exact  purpose,  its 
size  and  weight  limitations, -and  Its  rella.bLllly 
requirements,  f.'c  must  also  know  exactly  what 
environmonts  it  will  be  subjected  to  so  that  he 
can  make  sure  Dial  U\e  product  will  withstand 
them.  In  effect,  established  environmental  cri¬ 
teria  serve  as  a  target  at  which  weapion  system 
design  and  development  teams  can  aim. 

Mod  often,  environmental  requirements  are 
spelled  out  for  llie  desltfncr  by  the  environmen¬ 
tal  engineering  or  reliability  groups.  On  the 
other  harKl,  11  the  Horn  is  not  Intended  for  any 
specific  system,  It  can  be  provided  with  inher¬ 
ent  desl|;n  features  for  broad  application  in  ac- 
corda’ice  with  one  of  severaj,  design  guides  pub- 
lished  by  the  Air  I'orcc 

Envlroiinioiii-dl  requlremonls,  tlien,  can  be 
spelled  out  in  two  ways:  (1)  general  environmen 
tal  requirements  for  developmental  purposes  or 
fi^r  subsystems,  cquipnient  and  components  bav- 
L' , 'broad  applications;  and  (2)  specific  envlron- 
ment.-iJ  requirements  for  subsyntems,  equipment 
and  comp'menls  for  a  nnec.ific.  wpannn  systens. 
Kach  of  lhe..e  requires  an  envlronmciital  analy¬ 
sis.  The  first  must  give  eonsldcrallon  to  ?U 
P').ssihlo  applications,  and  makes  maximum  use 
ol  piiblLslied  «iandard  erivlr onmctilal  criteria. 
Thedoi  'vjients  giving  audi  criteria  are  covered 
in  a  later  pgragtraph.  .  — 

An  an.alysls  for  a  broad  application  need  not 
be  as  definitive  as  Lfiat  for  a  specific  application, 
but  it  will  more  com[)lele  and  cover  more 
eiiviroiiinciits  because  of  its  broader  scope.  In 
llie  broad  type  of  analysis,  therulore,  It  Is  neces-  — 
sarytf)  amuyze  the  mission  profiles  ot  various 
lypt  s  Ilf  vi'hlclcstodetermlnc  ihc  associated  cn- 
VII oiimciiis.  Perllnent  environment  values  can 
then  be  calculated  or  selected  from  applicable 

standards,  Hpecllications and  bulletins  lo  assure _ 

prop-T  design  and  dcvclupmenl  and  Uie.1  test  pro- 
ii  dures  liom  such  specllleatlons  as  MIL-E-  _ 


5272C  can  be  used  to  determine  v/hether  the  ve¬ 
hicle  and  Its  components  can  withstand  "a.^  pro¬ 
jected  environments. 

An  environmental  analysis  for  specltlc  ve¬ 
hicles  requires  a  ti»ro  refined  approach,  since 
moredatallsofthevehlcleaystem  are  known  and 
definite  performance  and  rollabllity  must  lie 
achieved.  For  this  reason,  an  environmental 
analysis  (or  a  hypothetical  weapon  system  must 
be  carried  out,  with  Uic  analysis  covering  the 
fli^it  vehicle  and  Ita  eubsyslemn,  equiprneiits, 
components  and  matorlalc  for  botlj  flight  ana 
ground  condUions. 

In  specific  ca.«es,  It  may  be  found  that  the 
Rtkte-of-  Iho-art  nay  not  allow  a  deslgi)  to  ex¬ 
tend  over  the  entire  riu'-ge  of  an  environment,, 
For  instance,  it  may  be  lmpof:8ll)le  to  design  an 
actuator  Uiat  will  function  reliably  from  -GS  F  to 
1400  Fbecmiseno  one  sealing  compound  win  per¬ 
form  satisfactorily  over  this  temperature  range. 
Under  tnls  efreumstanee,  Uierc  is  a  tendency  to 
favor  Uie  high  temperature  requirement.  This 
could  be  a  mistake,  tliough,  aUice  for  miiny  ve- 
hiclce  and  missions,  the  lov/  temperature  re¬ 
quirement  may  bo  of  equal  or  greater  tmpor  lanco. 
For  example,  a  great  number  of  lasts  under  arc¬ 
tic  conditions  areZaliures  because  ol  tlio  failure 
r  seals, 

Wliere  Uiere  la  a  doubt  concerning  the  signi¬ 
ficance  of  any  value,  an  operational  analysis 
should  be  perlorrned  to  determine  UiC  signifi¬ 
cance  and  valiOlty  of  that  value.  Ar;  operational 
analysis  might  show,  for  example,  that  even 
though  the  vehicle  skin  lempurnlurc  will  reach 
1400  F,  Insulating  characteristics  of  the  air¬ 
frame  wlU  drop  tills  leruperaliiro  to  900  F,  or 
W'itli  additional  Insulation,  lo  COO  F  bi  the  vi¬ 
cinity  of  the  actuator.  It  Is  powslWc  also,  that 
by  changing  the  locatlo.1  of  tlio  actuator  or  by 
using  auxiliary  coollrig  equipment  the  tempera¬ 
ture  near  Uie  actuator  miglit  be  reduced  con¬ 
siderably.  Furtherniore,  an  operational  an  rly- 
sis  might  show  that  tlio  speeds,  ititlludce  and  clu  • 
rations  of  flight  'reguiied  to  produce  svclt  skin 
temperatures  woulcf  occur  very  Infi’cqiienlly,  or 
Uiat  tlio  period  during  whlcli  such  texnporalurcs 
would  exist  would  bo  exlremely  sliort,  On  the 
other  hand  the  duration  of  low  temiiei  aturo  con¬ 
ditions  might  Ixi  lengthy,  so  that  from  a  practi¬ 
cal  BtBnd()oint  Uiey  would  bo  nioi o  detrimental 
than  Uie  higli  tompcrati'res. 


0|)i't  :itl()iK>l  aiinly.slfl  IB  act  jally  n.  part  of  the  The  ARDC  Model  Atmospliere,  1959 
nvi  rall  riivlnmniental  analysis  but  Is  sufficient-  ” 

ly  imp'u  tant  In  deserve  separate  attention,  par- _  This  document  provides  detailed  lnforn\ntlon 

I  I  ul.ii  ;>  in  cioubUui  ur  controversial  areas.  on  arcvlscdmodcl  atmosphere.  The  revision  Is 

based  on  data  obtained  from  satellite  and  rocket 

_  measurements  which  Indicated  the  necessity  for 

PPHCiFICATRiNS  AND  STANDARDS  changin';  the  upper  atmosphere  values  contained 

in  the  ARDC  Model  AUnoephero,  1956.  In  addl- 
Tlierc  art;  msny  periodicals,  books  and  re-  —  tlon,  values  of  the  following  factors  have  been 
ports  u  -ailablc  that  cover  u>e  subject  of  envl-  computedto  an  altitude  of  2,320,000  feet  (or  700 

loMinenliil  requlrcnicnts.  Much  ot  the  data  are  kUomcterslttenaperatare.  pressure,  density,  rno- 

avail.il'lc  in  this  handbo()k  and  tn  the  reference  ^  lecular  wel^t,  acceleration  of  gravity,  specific 

and  bibliography  lists  located  at  the  end  of  each  weight,  scale  height,  number  density,  particle 

chapter.  The  most  imp'jrtant  dot^umenla  coo-  speed,  collision  frequency  and  mean  tree  path, 

tainingnillitdry  environmental  crlttrl?.  are  listed  Because  the  dissociation  of  oxygen  and  nitrogen 

i'll  able  4-1.  Documents  containing  general  re-  complicates  calculation,  values  of  the  following 

quirenients  arc  Included  in  Uic  tabic,  as  well  as  factors  are  limited  to  an  altitude  of  295,000  feet 

tliosc  '’.ovennr  .specific  requirements.  Some  of  .  (or  90  kilometers),  i^eed  of  sound,  coeiilcicnl 

hic  most  useful  documents  of  a  specific  nature  of  viscosity,  kinematic  viscosity  a.Tl  titermti 

arc  de.sci  ibed  in  Uie  following  paragraphs.  conductivity. 


I 

r 


■1 


% 


^  > 

i| 


.  i 

:  t 


rr  I  -II 1  V I 


I- 


r.  -  d 


i  iblc  -l-l.  Air  l  ore,  rolloy  Documenta  —  Mandbooku,  Si>3elflc«tioiU!,  Standards,  and  Reports  (continued) 


I  M.  r.ili'lOl'tlon 

riise 

Date 

Flight  vehicles 

ASC-22  Hullotln 

CUmatlc  and  Environmental  Criteria  for  Aircraft 

Design 

June  1052 

MII,-I-r,289 

Instrumentation  of  Climatic  Teat  Aircraft,  General 
SpccKlcatton  ior 

SO  March  1953 

UsAF  Specification 

Bulletin  IOC 

Environmental  Criteria  for  Guldod  Miaaile  Deaign 

18  March  1957 

t'SAF  Siicclficatlon 
liiillMb.  '22 

Space  Environmental  Criteria  for  Aerospace  Vehicles 

1960 

WADI.'  rn  00-C27 

Criteria  for  Environmental  Analysts  of  Weapon 

Systems 

August  1960 

WADD  TH  CO-785 

IIyi>sr  Enviranmcnls  Simulation  Part  I,  Definition  and 
Effects  of  Space  Vehicle  Environment  —  Natural  and 
Induced 

January  1961 

- 

Airborne  equipment 

7iIII,-K-2r)Ct7  - 

Electronic  Equipment,  Airborne,  General  Specification 
for  the  Design  of 

4  Sept  1956 

Mll,-F,-8]f.r'A(AsC) 

Electronic  Equipment,  Guided  Missiles,  General 
Specification  for 

16  April  1957 

1 

MI1,-F.-510()C 

Electronic  Ef|ulpmC!)t,  Aircraft  — 

16  July  105P. 

- 

Ciomponents  — 

MII,-ST1)-41G 

Environmental  Requirements  for  Electronic  Component 
Pa  Its  — 

28  April  1959 

MIL-STD-.J2A 

Test  Methor'.)  for  Electronic  and  Electrical  Component 
Parts 

24  Oct  1956 

WADC  IH  57-1 

1 

i  . 

Elcciron'c  Compcnenls  Handbook,  Volumes  I,  n,  III 

I  -  Jan  1957 

U  -  Apr  1958 

Ul- Jun  1959 

[  ! 

1  Ground  support  equipment  | 

Mil  -:--11.58A(l'.SAl  ) 

Eloctrtmic  Equipment,  Ground,  Goner'il  Roqulromonts 
for 

20  July  1955 

MIl,-G-00r,5i2A  (USAF) 

Ground  Support  Equipments,  General  Requirements  for 

21  Jan  1957 

I'SAr  Sj^’L  Bulletin  115 

Lnvlrcnmenlal  Criteria  for  Ground  Support  Equipment 

0  July  1955 

Mll.-T  91 5 A 

Test  Equipment  for  Use  with  Elsctronlc  Equipment, 
General  Sjicclflcallon  for 

14  May  1953 

Materials 

Mll.-l'-llCC 

rri-acrvalion,  Molhoda  of 

27  Feb  J959 
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T.ilile  4-1.  Air  Force  Policy  Docnimenta  —  Htndbcoks,  Specifications ,  Standaitls,  and  Reports  (continued) 


IiJontlfi^ntlon 

Tl.le 

Date 

Test  methodology 

M",-F-4970A  (’;FAF) 

Environmental  Testing,  Ground  Support  Equipment 

3  March  1959 

M1L-F-5272C 

Environmental.  TesQng,  Aeronautical  and  Associated 
Eqiilpment 

13  April  1959 

MII.-A-2GGG9 

Acoustical  Noise  Tests ,  Aeronautical  and  Associated 
Equipment 

14  July  1959 

MIL-T-r.422E  (ASG) 

Testing;  Environmental,  Aircraft  Electronic 

Equipment 

11  May  1953 

MIL-f;-26554 

F.xploslon-Proof  Test  FnclUly  Requirements  and. 
Procedures  for  Reconnaissance  Equipment 

3  :iar"h  195^ 

M1L-STD-202A. 

l  ost  Methods  for  Electronic  and  Electrical  Component 
Parts 

24  Oct  1956 

MI7,-S-445G 

Shock,  Variable  Duration,  Method  and  Apparatus  for 

12  March  1953 

Teat  facilities 

MU.-C-79r]  A  (ASG) 

C^.amber,  Altitude,  Humidity  and  Teraperaturo  Test 

5  Oct  1953 

MIL-C-rr.ll  (ASG) 

-  ...t.  .  ~ 

«  ,  ivAUi  i.5;ovAii|^ 

f  A  It. Is*  1  OC** 

AW  WWA/  4.WW  1 

Mil,  0-9135 

Explosion  Proof  Testing  Facility 

12  Feb  1954 

MIL-C  943GA  (ASG) 

Sand  and  Dust  Testing  Facility 

5  May  1955 

MII.-C-94^2 

Chamber,  Fungus  Resistance  Testing 

8  June  1054 

Mll.-F-2GGr)4 

Explosion-Proof  Test  Facility  Requlrenients  and 
procedures  for  Reconnaissance  Equipment 

3  March  1959 

M]L-S-4^0G 

t.hock,  Varlaljle  Duration,  Method  and  Apparatus  for 

12  March  1953 

V//  .10  Tit  57-45G 

preliminiiry  Irvostli^j^tlsu  of  Hyper  Environments  and 
Methodfi  of  Simulation; 

I'art  11  —  Simulation  Methods 

Nov  i'J:-’’ 

Part  UI  —  PropoBod  llypor  Envlionmontal  Facility 

Jan  1958 

WAIiU  TH  GO-7H5 

liyjHjr  Environment  Simulation  Tart  II,  Dovolopmcnt  and 
IX'biRn  of  Slmululion  EaclLltica  for  Space  Vehicle 
Fnvfn^nmcnt  -  -  — 

19G1 

W  ADI) 'I  It 

Prcllmlnnry  Investigation  ol  Intcrplsnclary  Lunar  a,id 
Near  Planet  Envlronmntils  and  Mothods  of  Simulation 

19G1 

* 

— 

_ •  - 
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I  hi  iiJhrxik  'if  Gcopliyfiics 

■]  hr  '  Il  inillKiok  of  Gfophysics  for  Air  Force 
I  v,as  prepared  by  Air  Force  Cam - 

lirid(;e  Research  Center  to  present  probability 
and  frequency  tabulations  of  many  aspects  of  the 
natural  environments.  Illsoneof  tlie  most  coni- 
pii  ic  comy  lationsof  i.eophyslcal  data  available, 
and  provides  faclUHl  data  on; 


Temperature  Surface  parameters 

(Eailh) 


Alniosjjlicric  pros-  Low  altitude  wave  pro- 
sure  pagation 


Aliiiosplierie  den-  Visibility 
sity 

Wind  Thermal  radiation 


Frecipilation  The  Sa". 

Clouds  Cosmic  -radiation 


Atmospheric  com¬ 
position 

Atmospheric  elec¬ 
tricity 

Gcomagnclism 


Contrails 

Atmospheric  explora¬ 
tory  devices 

Acoustic  propagatioii  in 
tlic  atmosphere 


Other  ARDC  Hirndbooks 

T!ic  Air  Hcsca.r'.h  and  Development  Corriniand 
lias  made  avaUai’la  a  series  of  liajidtxwks  that 
provide  a  central  source  of  design  data  for  engi¬ 
neers.  These  liandbooks  contain  general  re¬ 
quirements  above  the  level  of  tlie  specification 
rcquireinenus,  and  give  Uic  background  data  and 
basis  for  the  requirements.  Also  included  are 
cxplanatlotis,  recommendations,  nonmandatory 
{pjidance  ar.n  re.atad  data.  The  handbooks  are 
actually  a  series  ol  instructions  for  designers 
of  piloted  aircraft,  guided  missiles,  ground 
equipment  and  ground  support  equipment. 


Mibtary  SpeC' ticatlons 


» 


Military  Standards 

A  numlier  of  inL'.ltary  standards  contabi  en- 
vlronmoital  requirements  and  associated  data 
helpful  In  the  design  of  mUitary  equipment. 
MIL-STD-2lOA,for  example,  gives  the  probable 
surface  extremes  of  the  natur^  environments  to 
which  mllltaity  equipment  might  be  exposed,  and 
establishesuniform  limits  for  normal  design  re¬ 
quirements.  It  cootslns  surface  extremes  of 
temperatui-e,  humidity,  precipitation,  snow  loads, 
winds,  blowing  snow,  blowing  sand,  blowing  dust 
^  and  atmospheric  pressure  on  the  earth’s  sur- 
face,  and  the  probable  atmospheric  extremes  of 
temperature,  pressure,  humidity,  winds,  speed 
^  of  sound,  density,  and  viscosity.  The  data  on 
ground  conditions  are  supplied  for  world-vifk*. 
short-term  storage,  and  transit  conditions.  Hot, 
cold,  polar  and  tropical  standard  atmociphereN 
extending  to  100,000  feet  are  includea.  For 
analysts  involving  engine  and  vehicle  perfor- 
^  mance  computations,  or  other  cases  where  a  con¬ 
tinuous  profile  is  required,  the  polar  and  tropi¬ 
cal  atmospheres  must  be  used,  since  the  hot  and 
--  cold  atmospheres^  are  constructed  on  a  level- 
by-level  baslm  without  regard  to  continuity  be¬ 
tween  levels.  The  hot  and  cold  atmospheres  are 
--  required  In  computations  nvolvlmc  variations  of 
temperatures  at  a  given  ^jitltudc,  and  are  useful 
in  work  Involving  heat  transfer  and  heating  a.nd 
—  cooling  of  atmos^erlc  vehicles  during  fll^t. 

MIL-STD-446  contains  projected  envlronmen- 
tal  design  requlre.mcnts  for  elertroulc  compo- 
n€5il  purls*  V21I11G5  of  llcsits  sltg  jlvcn  lor  ten*® 
perature,  pressure,  humidity,  vibration,  shock, 
explosive  atmosphere  and  nuclear  radiation.  The 
requirements  are  divided  into  the  foUowbeg 
equipment  categories. 

Group  I  -  Ground  equipment 

“  Group  n  -  Ground  equipment  when 
electrical  stability  Is 
of  prime  Importance 

Group  in  -  Shipboard  and  ground 
equipment 

Group  rv  -  Equipment  for  aircraft 
and  missiles 
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Tlie  actual  niilitary  speclfic.'itlons  that  cxpitp- 
niuil  and  systems  arc  designed  to  meet  contain 
iiKiny  envi ronnu  otal  requirements.  MIL-D- 
9310  arid  .M'L-W-O'IH  (USAF)  containrequlie- 
I'lenlslorprinicccitraetorsto  prepare  and  pre¬ 
sent  an  e.'ivironincntal  analysis  of  tlielv  missile 
;ind  aircr.'ift  weapon  systems.  MIL-E-4970, 
,.UL-F-[)2'i'2  ariQ  M1L-A-26CG9  are  primarily 
t'  St  prticeclurc  six’cilleations,  but  tliey  outline 
envii  01  Miental  requirements  for  ground  support 
t  q'lipnie  t  and  aeronaut:  eal  and  associated  cqulp- 
laciu,  r(  .'.iicclively ;  howevc”,  Uicy  should  not  be 
nsedas  ;  i  qiMi  tineiii  .s|iecificalions.  Detailed  In- 
1  It  It  at  ion  on  test  procedures  are  covered  In 
t  'i.inu  1  0.  MlL-E-5400  and  MIL-I-6051  also 
nil  Indc  i  in  tronmenlal  requlrcmcnla  lor  elec- 
iriinii  |■qlll|■nl(■nt  usedpritnarily  Inalrcraft.  De- 
I  .111  fq"  v  if  u  all' ms  for  equip tneiii  and  components 
la  bull  i n.  ii  rininental  reqairements  pertaining 
to  tli'i''"  s|'i  lifiij  eqiilpinents  and  coinponento. 


Group  V  -  Equipment  for  aircraft 
and  shipboard  (specia¬ 
lized  application) 

Croup  VI  -  Equipment  for  nuclear- 
powered  aircraft  and 
bailistlc  mis  lies 

Group  Vn  -  Equipment  for  specialized 
application  In  .'ilrcraft  and 
missiles 

Group  VTII-  Nuclear-powered 
weapons 

Specification  Bulletins 

Air  Force  Specification  Bulletins  100  and  115 
present  general  Information  on  the  ranges  of  en¬ 
vironments  that  must  be  considered  In  establish¬ 
ing  requUements  for  ground  support  equipment 
and  ralsslie  equipments,  respectively. 
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rhcr(;  are  many  studies  being  made  to  gain 
more  knowledge  about  design  criteria.  The  re¬ 
sults  of  these  studies  are  made  availabld  in  re¬ 
ports  by  Uie  va>‘lou5  service  agencies.  For  ex¬ 
ample,  Aeronautical  Systems  Ijlvlsion  (former¬ 
ly  V,  right  Air  JJovclopment  Division)  Reports 
57 -‘156,  t)i)-u;i7,  and  60  765  present  data  on  hy¬ 
per  environments  and  methods  of  simulation 
dial  can  be  used  as  a  basis  for  esttniatiag  fu¬ 
ture  design  and  lest  requirements. 


ENVIRONMENTAL  ANALYSIS 

rr_n  aii  overall  standpoint,  the  purpose  of  en- 
vironmi.'ntal  analysis  is  to  present  as  complete 
a  picture  of  the  anticipated  environments  as  Is 
practicable  to  the  system  designers,  and  also  to 
provide  sufficient  criteria  to  permit  assurance 
Uiat  ttic  system  design  will  withstand  the  envi¬ 
ronments.  For  effective  usage  of  the  analysis, 
ttio  results  must  be  presented  In  a  logical  man¬ 
ner  .  Dasicaily,  the  resulting  data  are  supplied 
in  two  caicgories: 

1,  Environmental  design  criteria. 

2.  Environmental  test  criteria. 

Environrnen t al  Design  Criteria 

Tlic  environmental  design  criteria  developed 
by  ttic  weapon  system  contractor  during  the  en¬ 
vironmental  analysis  required  by  spec  If  1  cations 
MIL-D-9310  and  MIL  \V-94ll  must  be  si^llcd 
to  all  the  system  designers  and  the  Air  Force. 
The  designers  use  tiie  data  to  design  the  system 
and  its  parts.  The  Air  Force  uses  the  criteria 
to  insure  ’  at  Uie  analysis  Is  correct  and  com¬ 
plete  and  that  oiiior  equipment  used  In  conjunc¬ 
tion  with,  Or  as  part  of,  die  system  will  operate 
witliin  Uie  same  cnvlroninental  limits. 

The  onvironniental  cr.terla  supplied  must 
talic  into  consideration  all  conditions  that  will 
Ik  encountered  In  tlie  life  span  of  the  system. 
It  is  best,  then,  to  consider  environments  as 
ticing  encountered  In  separate  phases.  For  ex- 
aiiiijie,  a  ■  chicle  such  as  a  spaceship  must  be 
launched,  traverse  Uie  .atmosphere,  follow  a 
sp.ife  pntli,  enter  or  rcenicr  the  atmosphere, 
traverse  tliat  aiinospliere,  and  be  set  down.  In 
addition,  l«lli  before  and  alter  flight,  the  system 
and  its  parts  must  be  tranppfjrted,  stored  and 
fu  rviccd.  Each  of  tlicsc  phases  imposes  a  dif¬ 
ferent  set  of  environments  on  tlie  system.  These 
eiivi i  on mcnls  must  be  outlined  as  clearly,  com¬ 
pletely  and  .accurately  as  possible. 

The  envin ’111:10111.-11  analysis  wlU  generally  be 
more  useful  jf  (1)  Uic  envlromnenls  arepresen- 
l(  il  s(  paratcly  as  naiural  or  induced  (2)  they  are 
ili  sei  ibeda.sto  what  operational  and  mcchardcal 
clfi  ( Is  they  li.'ivc,  and  (3)  Uiese  data  are  given 
for  exteiiial  environments  and  compartment en- 
VI  rnniiieiits. 


Environmental  Test  Criteria 

The  environmental  test  criteria,  alsode- 
velopedby  the  weapon  system  contractor  during 
the  cnvlrop.tnentnl  analysis,  should  be  supplied 
tothetest  engineer,  tlie  test  equipment  designer 
andtho  Air  Force.  This  allows  the  test  engineer 
to  establish  I'eallstlc  and  accurate  test  proce¬ 
dures,  BO  that  the  reliability  of  the  system  can 
be  ascertained.  The  criteria  also  permit  Uie 
test  equipment  designer  to  build  the  equipment 
required  lor  testing,  when  such  equipment  Is 

fi-ishlng  the  state-of-the-art  and  adequate  faci- 
Itiesare  not  available.  As  part  o^.  the  environ¬ 
mental  analysis,  this  data  allows  the  Air  Force 
to  ensure  that  the  contractor  Is  reflecting  the 
latest  technology,  and  also  permits  thu  Air  Force 
to  note  environmental  state-of-the-a.-t  werJe- 
nessesand  problems  and  hence  allowc  n'’'iatlng 
research  and  investigations  to  overcome  such 
weaknesses  and  problems. 

Method  of  Environmental  Analysis 

For  the  analysis  to  produce  sound  results,  it 
must  follow  a  systematic  plan.  The  followdng 
major  steps  should  be  taken; 

1 .  Secure  data  on  misston  prciiiles  and  alter¬ 
nate  mission  profiles. 

2,  Outline  significant  system  data. 

3,  Establish  environmental  criteria. 

4.  Conduct  analysis  tests  to  determine  en¬ 
vironmental  values  not  covered  by  standard  en¬ 
vironmental  criteria, 

5.  Prepare  an  analysts  report  and  environ¬ 
mental  test  requirements. 

Mission  Profile.  The  mlEalon  profile  Is  one 
of  the  rnost  important  factoi  e  in  making  an  en¬ 
vironmental  an^ysts.  T.he  a!  dtude.e  at  which  the 
vehlclemust perform, thospeeds  at  wbldi  It  will 
travel,  and  Uie  flight  paths  and  regions  In  whtcli 
performancrwlU  be  ejected  all  provide  the  en¬ 
vironmental  engineer  with  a  set  of  boundaries 
witiilii 'wiiicli  ills  aimly tie  uala  pruvius  a  cuiiiplOtO 
environmental  definition.  The  word  performance 
Is  used  deliberately  here.  It  Is  not  suUlcient 
Uiat  the  vehicle  operate;  it  must  perform  in  a 
planned  manner  to  specified  limits  of  env  ron- 
ment  and  reliability  if  it  Is  to  bo  a  succesr. 

The  misston  may  be  simple  or  complex,  A 
commercial  aircrait  may  be  expected  to  operate 
world-wide,  but  only  over  establislied  routes. 
The  mtlitaryvehlcle,  onthe  other  hand,  will  take 
many  varl^  routes  and  encounter  dUierenl  en¬ 
vironments,  many  of  which  may  be  extreme. 
When  tiie  speed  at  which  the  vehicle  climbs, 
cruises,  and  descends,  and  ttie  range  of  altitudes 
alwlilch  performance  Is  expected  are  all  speci¬ 
fied,  the  area  in  which  Uie  environmental  engi¬ 
neer’s  efforts  will  be  exorto<l  Is  outlmed.  Alter¬ 
nate  mission  profiles  should  also  be  covered. 
Possible  as  wa'l  as  expected  alternate  profiles 
should  bo  Included, 
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III  Cli.’.ptfr  2.  lypiial  paths  are  outlined 

a  .  I'.Mimnlf'M  of  liow  profiles  provide  an  analysis 
'■nil.  I  i|i’  ipiinut  01  profiles  must  be  examined 
to  dulerin  ine  the  concurreiiee_of  natural  envlroU'  _ 
nii'nts  to  all  locations  during  the  various  seasons. 
Also,  Uio  activities  of  theveiilcle  during  Its  vari¬ 
ous  phases  of  fliplit,  such  ae  launch  or  lackoff, 

I  .inil),  cruise,  landi.ngand  reentry,  must  be  ana¬ 
lyzed  to  dcti.r.r.lrc  tlie  generation  of  Induced  en- 
viroimin.'ils.  The  entire  list  of  the  environments 
covered  in  Chapters  2  and  3  m'jst  be  covered  at 
every  point  along  each  profile. 

Subsidiary  prolUcs  for  the  i^stem  and  all  Its 
parts  must  also  be  covered.  These  Include;  (1) 
ground  handling,  (2)  storage  and  (3)  traiisporta-  _ 
tion.  Lharing  these  profiles,  different  environ- 
nicnt  tyoe.s  au'd  levels  •-vlll  be  encountered. 

^^stoniJlatJl.  Tlie  velilclc  system  itself  should 
ho  niialyzed  to  determine  (1)  what  r .ivlronments 
will  be  inducedby  the  vehicle,  and  (2)  what  parts 
of  llio  system  are  most  critical  from  an  environ - 
mentfU  effect  standpoint.  This  can  be  accom- 
p'ished  by  O'jtlining; 

1.  The  type  of  vehicle. 

2.  The  layout  of  the  vehicle,  ~ 

3.  The  mcdiod  of  propulsion,  and  location 
siz^'Of  pro^Liirfion  uiiit.  (This  should  Indue-  • 

s'aoiidary  propulsion  devices,  sudi  as  booster 
or  retro  rockuib,  and  oilier  devices  that  have 
aerodynamic  elfects,  such  as  drag  sutfaceo  or 
ejection  devices.) 

4.  Th.e  type  of  fuel. 

5.  Environment-generating  equipment, 

e.  Envlronmciit-H''nslllve  equipment. 

7,  C  onipartiiienlation  of  vehicle  (Including  In 
cacii  coniiiartment  Uie  location  of  all  eiivlron- 
mc-.t-gunorating  and  environment-sensitive 
c'luipmcntj. 

b.  'W.icUico  the  vehicle  will  be  manned  or  un- 
niaiuicd. 

7  tie  tyi)i' of  vchh  Ic,  V.  liettier  a  ballisllc  mi.ssllc 
wii.li  a  i.'iort  life  or  a  .satellile  or  Ixiraber  with  a 
l.  n.;  life,  will  determine  the  relative  importance 
"<  tiie  environ  menial  lactors.  The  layout  of  the 
vctiK  le,  niettiod  of  propulsion,  and  size  and  lo- 
i.Uion  of  proi)ulsi(in  vinit  will  affect  the  dynamic 
t  harncterislics  of  tlie  vehicle.  Nuclear  propul¬ 
sion  syKlotjin  present  one  typo  of  problem; 
hiidily  vol.itile  fuels  create  anoUier,  and  liquid- 
■j-'.'.  Cf  n  fuels  still  anoUiCr.  A  full  understanding 
"i  lilt' ( liaracterislics  of  environnicnl-generaling 
e'|]'ptiu'ni  is  rcfinired  for  the  determination  o; 

Uie  etivi n 'tinient.u  jncJ'i' ed  iiiternixlly.  Relative 
Im  alifiti  ol  tiiis  equipiiient  witli  respect  tosensi- 
li  .  (  ('i)inpiiieiit,wiitiin  Uii  vehicle  determines  the 
d'liHuU’,’  in  securing  environmental  prolcclion. 
!l'i'n;i:i  ore  up.mcy  naturally  brings  about  a  new 
I  '  .'.1  I'  iii.t  for  envir'irirnental  consUleralionD. 


Environmental  Criteria.  After  compiling  as 
much  data  as  practicable  about  tlie  profiles  an'i 
the  system,  the  eiivlronmentol  engineer  ealab- 
llshes  environmental  criteria  lor  the  system,  as 
required  by  specifications  MILj-W-04H  and 
MIL-D-9310.  Wben  doing  this,  he  muet  examine 
Uie  data  clo8ely_to  Insure  tliat  all  ramifications 
and  posnibllltlea  are  understood.  For  example 
a  high-level  bomber  may  lind  application  at 
lower  altitudes, .or  a  space  vehicle  may  have  to 
glide  for  a  conslderaole  distance  In  the  atmos¬ 
phere,  The  analysis  roust  be  made  as  accurately 
as  possible,  and  should  delineate  the  facts  for 
each  environment  on  aphase  basis.  For  example, 
specification  MlL-D-uSlOB  stipulates  that  "(the 
environmental)  analysl g  shall  consider  the  opera¬ 
tional  concept  (basic  misoions,  possible  bases 
of  operation,  performance,  etc.)  to  determine  the 
environment^  conditions  the 'aeapon  Bis'.CMi  wU; 
encounter  In  Its  regimes  of  operation,  such  as 
extreme  temperatures,  Ionized  gases,  meteo¬ 
rites,  ozone,  etc.  Further,  for  the  air  vehicle, 
its  regime  ol  flight  will  also  require  considera¬ 
tion  of  the  dynamic  or  Induced  environments  as- 
soclatedwlth  flight  and  operations,  such  as  skin 
temperature,  internal  air  pressure,  vibration  and 
noise  field.  It  Is  imperative  that  a  comjplete  ex¬ 
terior  and  Interior  analysis.  In  this  regard,  bo 
accomplished  so  Uiat  further  analygis  of  the  en¬ 
vironments  to  which  the  equipments  are  to  be  ex¬ 
posed  Is  practical.  Standard  environmental  cri¬ 
teria  shall  be  used  where  applicable.”  As  ex- 
plalnedprevlously,  standard  environmental  cri¬ 
teria  can  be  obtained  from  the  documents  de¬ 
scribed  under  "SPECinCATIONS  AND  STAN¬ 
DARDS.”  The  type  of  effect,  wheUieroporaiional 
•or  mechanical,  should  also  be  Indicated,  An  ex¬ 
ample  rtf  an  environmental  analysis  coverage  is 
shown  In  Table  4-2,  These  factors  should  be  re¬ 
viewed  for  the  vehicle  as  a  whole,  for  each  com¬ 
partment  In  the  vehicle,  for  each  class  cf  equip¬ 
ment,  and  foi  component  parts  which  make  up 
equipments. 


Analysis  Tests.  In  many  Instances,  partlcu- 
larlyforOie  Induced  environments,  the  standard 
environmental  criteria  wUl  not  be  helpf'U  In  es¬ 
tablishing  Bomeof  the  environmental  data.  This 
might  be  particularly  true  for  deriving  exact  en¬ 
vironment  figures  for  the  Interiors  of  separate 
compartments  and  equipments.  In  such  cases, 
the  criteria  must  then  oe  determined  by  calcu¬ 
lation  or  by  empirical  methods.  Tests  may  be 
made  by  Instrumenting  the  various  equipments 
and  compartments  under  simulated  conoitlons, 
and  measuring  the  environments  directly.  Often 
mock-ups  can  be  used;  In  other  cases  It  must  ba 
recognized  that  the  environments  at  some  loca¬ 
tions  may  have  to  be  hypothesized  until  full  scale 
tests  can  be  conducted. 


Test  Report  and  Reguirementa.  Once  all  of 
the  environmentaT'clata  have  been  complied  and 
analyzed,  they  must  then  be  documented  In  :  e- 
ji'irt  form.  This  report  Is  necessary  lor  evalu¬ 
ation  by  the  design  engineers  and  tlie  cognizant 
military  agency.  The  analysis  report  should  be 


Table  4-2.  Exairjile  of  Environmonta'  Aealyala  Coverage 


Profile  aealysia 


Flight 


Atmos¬ 

phere 


Toheofl 

or 

launch 


Q round 
hand¬ 
ling 


^a<ural 

Albedo 

Aslcividi' 

Cloud.a 

Cusmir-  radiation 
Dcnr.ity 
00* 

KlcctrlcUy,  atmosphere 

Fog 

Frost 

Fung' 

Gases,  dissociated 

Gases,  Ionized 

Geoniagnrtism 

Gravity 

Hail 

Humidity 

Icc 

In.seets 

Meteoroids 

Ozone 

Follution,  air 
I'rcssurc,  air 
UaJn 

Salt  spray 
s;anf1  an'‘i  chisi 
Meet 
Snow 

tolar  radiation 
'-[VI  res 
'I  e:::jy.'i-.-;urr 
'remiiiTaliirc  shock 
Turbulence 
Vacuum 

Winds  and  glue's 
Wind  shear 

induced 

Acceleration 

■tooustics 

Aerodynamic  heating 

T  vnlm-ii'o  ill  irinQnhorw 


Gas  ui,  dlc:^ .elated 
tiascs,  ‘oniz.cd 
Magnetic  fields 
Moir.lure 
■Nue'ertr  radlailon 
Shock,  rreehanicai 
rcmi>craturc 
Tciniier.atun;  shock 
V:i|>iir  trails 
V  ill  rat  ion 
Zero  gravity 


r  Effect 

Opera¬ 

tional 

Mo- 

chan- 

Icle 

X 

X 

X 

X 

clciir,  (oncise  and  corntilete.  SpccUlc  values 
sliLiuld  be  given  In  a  logical  form.  The  methocls 
used  U)  derive  all  values  and  the  relerences  ein- 
ployed  stiould  be  explained.  IVliere  tests  were 
usedto  e.slahlish  Rome  criteria,  the  test  descrlp- 
linn  .‘-luiuld  be  Included. 


llie  most  Important  part  of  the  analysis  Is  the 
preparation  of  the  environmental  requirements. 
Values  for  each  environment  must  be  otipulaled 
for  the  entire  system  and  each  of  Its  parts. 
These  values  will  be  used  to  develoo  test  proce¬ 
dures  and  equipments  (Chapter  6).  The  values 
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kIh)ii)J  he  Kudi  Uiat  ;uiy  equipment  that  wlthstandu 
tlie  ti'-it.s  cni!  l>c  counted  on  to  fjlve  satisfactory 
,  ■  '1  ■ciiKuii'e  througlwut  its  operational  life. 


Tyiilial  Slops  in  Environmental  Analysis 

Tl.cfollowln,"  paragraphs  describe  some  typl- 
r.ii  slops  i’’  an  envlroninental  analysis.  A  pro- 
nMsodalrcraitpi.;jincd  to  achieve  a  speed  of  Mach 
2  at  an  allitudc-  of  50,000  feel  will  be  assumed. 
Tlie  nii.ssion  of  such  a  vehicle  would  generally 
to  defined  further  as  encompassing  a  series  of 
phases  such  as; 

1.  Takeoff  and  accelerate  to  500  knots. 

2.  Clirrb  ‘rj  20,000  lect. 

3.  Accelerate  to  800  knots. 

4.  Climb  to  28,000  feet,  accelerating  to  900 
kn  its. 


in  degrees  Rankin,  for  a  vehicle  traveling  at 
'-Mach  2  can  be  deterniined  as  follows: 


T-  .  390  . 

(2){778)(.24){32.02) 

Tg  ^  390  +  314 

T,  =  704R 


Actually,  the  process  Is  never  adiabatic  and 
-soroelcissea  wUl  occur.  If  the  air  la  considered 
to  remain  a  perfect  gas,  the  recovery  tempera¬ 
ture,  Tr,  can  be  expressed  by  the  relation: 


Tr-rfTs  -  Tq)  +  T^, 


Taking  the  recovery  factor,  r,  as  ,85,  the  ex¬ 
pression  reduces  to: 


5.  Accelerate  to  1000  knt^s, 

G,  Cliniti  tc  50,000  lect,  accelerating  to  1148 
ki'.its. 

7.  Level  fliirht  at  50.000  feet  at  1148  knots. 


Each  of  tlieso  lUght  levels  and  performance 
requirements  must  be  reviewed  to  establish  the 
ma'Lini'jm  loads  on  fho  vehicle.  Depending  pri¬ 
marily  on  t-ho  specific  mission,  the  vehicle  may 
sulijectod  to  maximum  dynamic  loading  at  low 
altitude  and  maximum  aerodynamic  heating  at 
high  altituch  .  Rac  ution  levels  will  generally  be 
higher  in  Uio  upper  atmosphere  and  In  space, 
•.vhile  ma.xiinuni  noise  occurs  most  frequently  at 
takeoff. 


Heotiiu;.  In  piodictions  of  aerodynamic  heat- 
ini:,  v.'iue.s  of  '-.ient  temperature,  Tq,  air  den- 
suy,  ;uid iltermal  conductivity,  k,  can  befound 
in  reference  /!/.  The  stagnation  temperature, 
T.-i,  or  Uie  temperature  of  Uie  air  wtiose  velocity 
is  ctuuii'.cdaiiiabat.i.  ally  totliat  of  the  moving  ve¬ 
hicle,  is; 


Tf  .85  (704  -  390)  +  390 
Tj.  =  657R 

The  Reynolds  number,  R^,  is  determined  by 
the  expression 


R 


where:  />  =  air  density  at  vehicle,  slugs/ft^ 
V  =  velocity,  It/eec 
1  =  Ilrw  length,  It 
M  =  coefficient  of  viscosity 

The  air  density  at  Ute  vehicle  can  be  estimated 
as: 


P  =  Pp  [ 


P  =  .0003639 


=  T  -f  -Lil — 

^  o  2.1 


Ahin-;  .)  -  iiivchanical  equivalent  of  heat,  ft- 
II  IS  IITU 

I .spv'  ilic  heat  at  con-slant  pressure, 

p.ru  lb 

UiPi  ihe  laluc  Ilf  (■.,  secured  from  rclerenccB 
.‘■IK.-.  ;i:,  /;’  '.ui'J,  3 Uic  st.igiuiUon  tfiiiperature. 


P  =  ,000216  Blugs/ft^ 

Therelore,  U  the  coelflclenl  of  viscosity,  /u,  la 
taken  as  3.0  x  10'  and  tne  flow  length  la  25 
feet,  tlic  Reynolds  nu.mber  becomes; 

_  (.0002I6)(1148)(1.668)(25) 

"  (32.02)(3.0  X  10-7) 

Re  =  1.1  X  10® 


Th.'  Ii(>:.l  tr:insfcr  v  ocfflctent  lor  laminar  flow,  li, 
(  an  iliLii  tir  (joiiiiu.'toci  Irom  Ihn  expression; 


.026 


kUu 

J( 


0.8 


(■02f))(2.3  X  10-^)(1.1  X  10***)*^^^ 

25 

h  =  1.6  X  10"!  BTU/sec/ft.2R 

Li  acldillon  to  aoronynamlc  heating,  radiation 
fi  oni  tlic  snn  produces  an  Increase  In  the  heat 
input.  If  theaircraft  has  a  coefficient  of  absoip- 
tivitv.  “  .  and  an  exposed  area  A,  the  heat  In¬ 
put,  Q.  duo  to  solar  heating  Is  given  by  the 

Q  =~SA 

VaJuc^.s  of  ttie  solar  constant,  S,  are  given  In  re¬ 
ference  /'I/'  as  follows; 

At  sea  level,  air  mass  =  1  ■— 

S  ^  1.026(927.9)  watts/m^ 

In  .spu<  e,  alt  mass  -  1 

S  =  1.026(1322.1)  =  1360  watt,s/m^ 


At  50,000  leei,  energy  revels  oi  rauiauuii  wiui 
awavel<jn|.;t'i.sliorlorthar(0.29  microns  and  longer 


I  i!'.  'i-l.  Ihslonaltd  skir  Temperatures  at 
iMii.d  Speed. 
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than  2.5nilcron8  are  small,  so  tliat  only  the  re-- 
glot' within  tiiese  limits  need  by  considered.  The 
decrease  jn  tnlensily  Is  a  logarithmic  function 
expressed  by  tlie  relation; 

I  =  Iq  10"^" 

where  a  la  an  attenuation  factor  and  u  Is  tlie 
thickness  of  tlie  atmosphere.  The  actenuation 
factor  Is  wavelength  dependent,  but  for  the  sake 
cf  brevity,  an  average  value  of  0.0003  per  kilo¬ 
meter  will  be  assumed.  Also,  tlie  absorption 
due  to  ozone  below  50,000  feet  la  considered  ne- 

fllg'’  Thus,  If  the  radiation  energy  at  sea 
ei  '  (  '3  watts  per  square  meter,  the  level 

at  5v,  ,eet  Is 

953^  I  X  10" 

[_  \  3280  /J 

~  1  =  965  watts/m^ 

-  =  .035  BTU/sec/fl^ 

At  the  same  time,  tlie  vehicle  will  be  rad‘atlng 
heat  at  a  rate  determined  by  the  fourth  power  of 
its  absolute  temperature,  or; 

Q  =  fcrT^ 

The  Stefan-- Boltzmann  cQnstant,(r,  Is  17.3  x  10"^^ 
BTU/hr-ft-s  R,  80  that  If  tlie  emlsslvlty  of  the  ve¬ 
hicle  surface,  *,  te  taken  as  0.6,  Uie  heat  radia¬ 
ted  per  unit  area  Is; 


Q  =  17,3  X  (.6)(L57)^ 

Q  =  19.3  BTU/hr/ft^ 

=  .005  BTU/sco/ft^ 


Adding  the  various  heat  Uiputs,  including  In¬ 
ternal  heating,  and  Bubtracting  inu  heat  uie  vc— 
hliJ.e  loses  by  radiation,  conduction,  and  convec¬ 
tion,  tiie  resiiltant  heat  in[Xit8  to  sections  ol  the 
vehicle  can  be  computed.  Detailing  this  Lnfor- 
matlon  on  plan  and  elevation  views  permits  tlie 
designer  to  visualize  the  conditions  he  must  con¬ 
sider  and  enables  him  to  desh'n  a  suitable  struc¬ 
ture.  As  tlie  design  progresses  the  heat  traas- 
ferlo  each  compartment  n.i  it  be  determined  so 
tliat  the  environment  In  which  Individual  equip¬ 
ment  will  operate  Is  known,  and,  1'  required, 
Uic  auxLllaj'y  cooling  or  heating  to  nu  Intaln 
specified  Umlti,  will  be  evident.  'I'lie  results 
may  be  Ineornoratod  In  detail  on  a  diagram  such 
as  shown  In  Figure  4-1. 

Vlljratlon.  The  complexity  of  most  vehicle 
aii3  equipment  structures  Is  sufficiently  great 
that  a  purely  analytic  aolutlon  of  Uio  dynamic 
loading  is  not  generally  feasible.  A  largo  amount 
of  data  on  Uie  excitation  and  resiwiisc  of  typical 
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niiir.'ili  and  nit'isilos  has  been  accun'.Ulated  by 
111'  L'.S.  Air  Force  at  tJie  Wright  Air  Devolop- 
ri  111  Divl.-iliii!.  This  Information  can  form  the 
I  ,iso  fiDtii  wlilcli  projections  may  l>e  made  to 
h'  V.  desiriis.  Typical  vibratloti  data  for  various 
ty|U'S  of  flight  vehicles,  as  well  as  Information 
on  where  more  detailed  vibration  data  can  be  ob- 
lai  ie«J  ai  e  given  in  Chapter  3. 

Vehicle  spec nfici  ions  outline  vibration  envi- 
romnent  extremes,  and  documents  such  as  re¬ 
ference  /5/  provide  limits  for  particular  types 
of  e.'jiiipnient.  Wlien  tentative  configurations  and 
<')iiij)'irilions  are  selected,  testing  must  be  re- 
f  'rted  to.  In  tills  manner,  proof  of  the  concep¬ 
tion  is  obtained,  and  if  necessary,  modifications 
may  l>e  inadc  to  Insure  tl>e  required  level  ol  re- 
li.itnlity  under  'he  specific  conditions. 

Noj^e.  Jet  and  rocket  motors  produce  high 
Int'  Mfiity  rioiKO  levels  over  a  wide  band  of  fre¬ 
quencies,  ttuip  creating  severe  dynamic  pro¬ 
blems.  Generally,  the  effects  are  most  severe 
iaitcoff.  Nevertiieless,  the  total  noise  envi¬ 
ronment  inu.sl  be  inve.sligated  'Jurinc  fliglit  also. 
An  example  of  cockpit  noise  nredietioii  during 
ilirjital  r)0,000  feel  is  given  la  WADC  Tectmical 
It'  port  58-3'13. 

To  csiiinatc  Lho  noise  level  in  the  cockpit  of 
;oi  aircriifl  flying  at  50,000  feet,  the  cockpit 
I'eing  assumed  to  have  a  total  surface  area,  s 
of  5' I  square  leet  and  to  be  picssurized  to  5,000 
i ' L  '.sjol  V vlit i  1  iit'O r- def ros le r  system  Jets 

(o,?J-iik!i  diameter,  d,  witli  a  total  area,  A,  of 
1  square  iiitii)  and  an  exit  velocity,  V,  ol  350 
f<''i  per  second,  the  following  procedure  is  used, 

Tl'.e  p'lwcr  in  the  aif  jet  stream  Is: 

P  =  1/2  PAV3 

r  .  i/2i.°i°!^LL  (350)^ 

32.2  144 

P  -  300  fl-ll)S.  sec  -  400  watts 
The  .'.oiwKip'u’  er  level  isgivciiby  the  expression: 

»^<»|^  *r.t  T»  orj 

1'  L/  1  U  I'J”  I'  -r  OO 

I'V.’L  10  log  400  t  88- 

r.Vb  -  144  db 


'll".,  ii.axi.'m.m  frequency  is; 

I  ,,.,v  -0.2—  •  0.2/ — — ''' 
d  \  0.23/12  J 

i  .  3G5')  cp.s 

:ii,i  X  ‘ 

Ai,,l  till,  nvi  I  all  sound  iH-csburc  level  is; 
Si'I  I  Wl,  -  ill  l()|.,  s  4  t) 

8l’l,  :I4  -  !')  l-H’  50  ;  0 

Sl'I.  im;  dt. 


—  Boundary  layer  noise  represents  anotlier  seg¬ 
ment  of  thefli^t  envlrofiment,  A  number  ol  em¬ 
pirical  expressions  have  been  developed  for  Die 
prediction  of  the  noise  level,  one  of  which  is  Die 
following: 


SPL  r.  20  : 


[0.003  PV^ 

14.18  X  10'^. 


This  expreoGlon  traiy  be  reduced  to  the  form: 
hTL  =  120  =  20  log  p  m2 

where; 

P  =  ambient  pressure,  lbb/in2 
M  =  Math  number 

Thuti,  for  a  vehicle  traveitng  at  Mach  2  at  an  alti¬ 
tude  ol  50,000  Icetf  tlie  souna  pressure  level 
would  bv; 

SPL  =  120  +  20  log  (1.692)  (2)^ 

SPL  1=  136.6  dli 


On  the  ground,  the  engine  lathe  major  noise 
device.  The  acoustic  power  of  a  Jet  engine  is 
given  by  tile  eXpleSbiuii: 


w  -  3.66  X  10 


-5  ^„AV8 

v?r' 


where  ambient  air  density,  siugs/fl^ 

V  =  efleciive  flow  velocity,  ft/scc 
Vq  =  ambient  acoustic  velocity,  ft/sec 
W  =  power,  watte 


■  If  sea  level  conditions  are  assumed,  tuid  tlic 
effective  flow  velocity  is  1800  feet  ner  second 
witli  an  exhaust  diameter  of  1.5  feet,  the  acoust  ic; 
■power  is; 

,  .  W  =  3,65  X  10'^  (002377) 

4  no 

w  ^  9500  watts 


Tlie  acoustic  power  level  in  docibeib  above  a 
reference  level  of  10-13  watts  Is: 

r\Vh  =  130  +  10  log  W 
PWL  =-  130  4  10  log  9G00 
PWL=:170db 
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Ai  sea  li'vol,  with  .1  hetTilspherlcal  diBlrlbutlon 
tho  Houivt  prossitrp  Icvnl  in  to  a  practical 

ct(',;i  (v  f)i  af:<  uracy  l)y  ttir  atmplifled  exyircaeton; 


SPL  =  I’W'L  ~  ill  log  S 


Here,  S  is  ttie  total  surface  area,  or  2iuTr^  In  the 
case  w  a  hcnitspiierlcal  dtslrtljutlon.  U  a  etto- 
taiicc/ronittic  source  of  feet  is  assurnett,  ttie  , 
sound  pressure  level  will  be: 

SPL  =  170  -  10  log  2500  _ 

SPL  =  1 3G  db 

Gcneraiiy,  the  pattern  of  Jet  engine  noise  will  de¬ 
viate  s'rr'ewliat.  from  a  Sj;'.'.oric:-d  pattern,  reach¬ 
ing  a  peak  of  about  plu‘j  7  db  at  an  angle  of  135  ' 
degrees  off  the  forward  axis. 

Elcctromafpi^Uc  Wave  Propagation.  Wave 
propagation  at  operating  altitudes  mual'^  invea- 
tigated,  particularly  when  dissociated  and  lonl-. 
ration  lakti  place,  as  in  tlic  case  of  reentry.  If 
the  aircraft  has  nigh-frcquency  atjuipment  fftat 
must  operate  over  the  flight  regime,  reference— 
l\i  provides  data  from  wtilch  tlie  signal  attenu- 
alion  atid  back-scattering  may  be  estimated.  For— ■ 
example,  at  an  altitude  of  50,00C  feet.  If  equip¬ 
ment  is  operating  at  a  frequency  of  16,700  mega-_ 
cyclcSj  reference  /d/  gives  tlie  following  two- 

\v  ay  rtuOiiU.ii  Ion 

Water  vapor  -  0.084  db  per  mile 

Oxygen  -  0.040  db  per  mile 

Total  -  0.124  db  per  mile  (two  way) 

-  0.062  db  per  mile  (one  way) 

If  a  range  of  50  miles  is  desired,  Oie  total 
attenuation  will  be  3.1  db  one  way.  Equivalent 
values  are  provided  for  more  severe  conditions, 
such  as  in  a  polar  atmosphere  with  heavy  snow, 
in  an  iiitciisc  tliunderstorrn,  or  Uirough  a  dense 
water  c.lrud.  Each  ol  these  conditions  must  be 
invest igat  rd  i  t  tiiC  pOi  fOi.  iiiajicO  uf  equipment  un¬ 
der  .ill  conditions  is  to  be  realized. 

Other  Con  side  rat  ions.  Wherevera  world-wide 
caiJabilily  is  Uesirecl,  Uio  limits  of  MfL-STD- 
2H/A  sliould  he  con.sidered  in  Uie  design  of  ail 
itc’iis  subject'-d  to  tlie  natural  environment. 
'.Mule  certain  environmental  factors,  such  as 
acMisol.s,  in.secls,  precipitation,  salt  spray,  and 
.sand  and  dii.st  are  not  a  maj^r  importance  at 
liu’h  aJlituiie.s,  tticy  are  important  at  low  alti¬ 
tudes  or  on  the  ground.  In  genertU,  Uiese  factors 
an  (Icfined  in  references  74/ and /6/.  Wlicre 
,M olojii'.ed  low  altitude  flight  Is  a  consideration, 
liu:  tyi'i'  and  iirevalence  of  In.sccts  must  be  slu- 
(!i(dm  the  ,';pccHic  localities  eonceriied.  Tran¬ 
sit  I  in  1 1  iiniii ‘111  is  df.scritied  in  reference /7/, 

I  .11  I-  I  s  .sucli  at)  ilissociated  and  ionized  gases 
ari'  Ilf  i nip  u  1  anen  ;r  Uie  upper  atmosphere,  and 


(  therB  such  as  asteroids,  cosmic  radiation,  solar 
flarcfi.  Van  Allen  radiation,  vacuum  and  zero 
gravity  hecome  of  critical  Importtmce  in  space 
fl.lght.  These  environments  are  not  as  well  de¬ 
fined  as  many  ptliers,  but  current  tnvestigatlonb 
are  Improvbig  the  prediction  accuracy.  Data  on 
hyper-environmental  conditions  are  contained  In 
reference  /87,  as  well  as  in  WADC  TR60-627, 
WAJDC  TRCt)-785  and  UASF  Specification  Bulle¬ 
tin  523. 


OP.ERATIONS  ANALYSIS 

The  Opcratl.on,3  Analysis  Problem  of  Eiivtron- 
mci-,lal  Engineering. 

Th“  phlloeophy  of  operatlono  analysis,  like 
that  of  the  scientific  method,  Is  not  a  single,  loi  - 
nal  statement  that  may  be  followed  wUhou. 
thought  or  inslglit,  but  rather  a  collectLcn  of 
methodfi  tliat  have  been  found  eflective. 

Operations  analysis  Is  based  first  on  the  fact 
that  almost  any  situation  can  be  measured,  and 
that  even  qualitative  measures  are  an  essential 
step  to  knowledge;  second,  tliat  measurements 
are  not  certain,  since  natural  and  Induced  envi¬ 
ronmental  encounters  are  not  rigid  and  predic¬ 
table,  taut  rather  are  only  probable;  and  finally, 
that  it  is  preferable  to  look  at  a  system  as  a 
whole  In  relation  to  the  environment  taken  as  a 
whole. 

The  goal  of  operations  analysis  was  well  put 
by  Sir  Robert  Watsori-Watt  --  to  obtain  "Uie 
maximum  effect  from  available  resource."  In 
the  present  context,  we  might  add:  "In  tlie  Btu<ly 
of  natural  and  Induced  environments."  The 
methods  used  must  Insure  objective  mcasuro- 
inentand  the  prediction  of  tlie  probabilities  con¬ 
nected  with  (1)  natural  and  Induced  environments, 
(2)  available  resources,  and  (.3)  maximum  effect. 
The  necessary  facts  are  then  available  to  tliose 
who  must  maKc  Jio  final  choice,  and  decisions 
may  be  made  with  minimum  prejudice  and  maxi¬ 
mum  foreknowledge  of  all  Uio  pertinent  factors. 

Xh€r0  is  no  limitod  set  of  tools  snd  tschni" 
ques  to  which  the  operations  analyst  is  reslricled, 
nor  is  there  a  specific  "canned"  apuruacli.  Li- 
stead,  tJie  point  of  view  is  the  application  of 
scientific  metliocJ  with  special  attention  to  U>e 
analysis  ol  complex  sltualions.  The  essential 
framework  is  by  no  means  strange  to  Uic  mili¬ 
tary.  Indeed,  the  Staff  Olflcere  Field  Manual 
gives  tlie  foRowing  form  for  Uie  de  /elopment  of 
A  military  decision: 

1.  State  the  mission.  If  tlie  mission  is  mul¬ 
tiple,  specify  priorities.  If  there  arc  internicd)- 
atc  tasks  ciUier  iirescrlbed  or  necessary  to  Uie 
mission,  Uicse  should  lie  listed. 

2.  Analyze  Uie  situation  and  slate  Uic  various 
courses.  Develop  Uie  basic  data  on  assuinplioiin. 
Cover  enemy  r.apabilltics  and  list  all  practical 
courses  ol  action. 
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AnaJyzetlioelfect  of  ilie  plUloscphy  factors 
on  canli  ot  tlic  possible  courses. 

1,  Compare  tlie  couriios  of  actlOii. 

5.  Make  Uie  decision. 

ricIclManua)  cmpliasf/.es  the  employnienl  of 
an  r.xlsiing  &>Elern.  while  Uie  systems  for  which 
cnci  ronni  '‘iital  roqul  remenls  must  be  constructe'd 
have  avaiiaule  a  far  wider  scope  of  potential 
(niirsi's  of  action. 


Tlic  scope  and  severity  of  the  envlroniricntal 
proljlom  has  paralleled  the  rapidly  Increasing 
(■i;;nplc;:ity  of  modern  veanon.s  systems;  specie 
fi; ally: 

1.  The  scope  of  environments  considered  has 
Increased. 


2.  The  I'uquirexl  opcratiiif;  limits  within  any 
one  onvironmoi'I  or  group  ol  combined  eiivlron- 
/nents  liave  broadened. 

3.  The  number  and  complexity  of  clcmsni.a 
affecLed  have  multiplied. 


The  nature  of  the  many  new  enviro.oments  under 
conridei'iUion  implies  that  simpler  ImprossIcsiB 
gained  from  p,.-. i.  experience  are  no  longer  ad«- 
onate.  The  ijioadoiiing  rang, e  of-jiorfortnance  re- 


cjrii'cd  v.iUiin  a.nv  cnvlronnicnt  moanr:  iJicrci. 


iliort  and  cxpc'ndlluros  are  necessary  to  secure 
test  equiini'cnl  'iist  canluindle  these  ranges.  And 


imally,  ttio  coriscquencc.s  of  a.ny  decision  affect¬ 
ing  onvironnionta)  requirements  have  time,  cost, 
and  devclopmrrit  ol.'orl  implications  previously 


unknown. 


Pystmn  Lev  cl 


It  lias  been  aptly  .said  Uiat  "One  man’.s  system 
i.s  another  man  s  suo-ausembly."  KxactJy  what 
'.•o!i.siitutr/.s  a  .system  rcinains  a  "gray  area." 
Tiici  Uic  question  of  systems  Uiat  shai  ;  ele- 
mcnl.'i,  sucli  as  two  completely  vinlike  aircraft 
t)uj  P'Ufip  control  or  run^Vriv^ 

Again,  lu.v iron  1  net’* nt  pro! cct  ion  may  ItefujlU  into 
a  «.  ontainci ,  but  at  tf.c  price  of  increasing  wclgiti, 
S')  ttiat  tile  it  cm  tamiot  l;e  t  ran.sivji  ted  by  certain 
(lasses  of  ,iir  voiji.-jc.s.  These  peuints  are  not 
lrivi.il.  Tlic'.lccision  (mule  as  to  what  constitutes 
tiicfi'Ki’iillaii  ni.  i-Gfthcsy.stem  is  the  basis  from 
V  liicti  Iradc'-offs  must  be  juclg.ed, 

.'~'i))re  some  sort  <J  wurtliwliilf:  nonicneiaturfc 
(with  exaiiiplcs)  is  noccs.sary  to  illuniinate  this 
gr  ay  area,  considoi  Uic  following  liierarchy: 

1.  I’art  -  resistor 

Component  -  decision  circuit  Iward 

3.  li'piiiiniL'i’r.  -  ct)in[)u!er 

•1.  .kuli  ij  .‘^'ein  -  tcrniinal  guidance 

r.i'jup 


S.  System  -  missile  iirid  guidance 

tt.  Weapon  System  -  air  defenae 

Individual  parts  make  up  components  Oi'ut  have 
specUlc  functions  In  an  Itenu  of  equipment.  Enulp- 
menta  are  made  up  of  coinp',yne.ntH,  and  carry  out 
an  ^^lld  function  wlthtn  a  subsystem.  The  sub- 
eystein  Is  a  worthwhile  breakdown  when  tlie  sys¬ 
tem  Is  very  complex,  and  several  equipments 
combine  to  carry  out  n  giv  jn  function,  A  nyctom 
Is  an  assembly  of  subsysterns  tiiat  bus  a  specUic 
function  In  a.  weapon  system  and  is  essential  for 
the  accomplishment  of  the  weapon  system  dosige, 
mission.  A  weapon  system  Is  an  atsembly  of 
systems  essetitlm  to  accomplish  a  specific  Air 
Force  mission.  Not  evei'V  system  will  require 
an  complete  a  breakdown.  Nomenclature  ma/ be 
hub-dlvlded,  as  appropriate,  since  Ihe  bislght 
which  recognlxe.T  the  existence  of  trade-O-fij  ana 
their  Interrelatlctishlpc  Is  tlis  reiJly  pertbient 
factor. 


OpHiiii|y.atlr)n 

A  logical  consequence  of  appreciating  the 
above  lief  inlt  tons  Is  ttie  level  at  which  a  particular 
weapKin Bystein lahoidd  l>o  opllml2,ed.  P.^i  t  of  the 
work  In  sJi  operations  aaalysl.s  Is  to  oeiect  the 
rlgbtlcvel  of  optimization,  cj;d  this,  perhaps,  lr< 
'the  most  importa/it  single  facto."'  bi  setting  up  wn 
environmeiiial  vesting  program,  Should  the  pro- 
.  ,gram  be  optimized  axound  ifie  effattr/enens  ..’f 
Uif  weapon  system  as  a  whole,  or  around  a  single 
system?  Is  It  belter  to  Inive  a  ploc  J  of  equip- 
._ment  tiat  functions  cxceUeuUy  in  of  tiie  en- 
vlronmexiUJ.  combinations,  but  not  In  all  to  vAilch 
tlie  unit  may  bo  exposed,  or  moderately  well  In 
-all  aiid  excellentlj  In  oily  a  few  ? 

The  name  given  to  this  problem  is  '  (.ub-optb 
^k'nlzatlon."  /9/  On  one  hand,  .v  too  narrow  view¬ 
point  of  sub-optlml;;atlon  must  be  avoided,  sni 
yet  it  iB  possible  to  formulate  the  problem  In 
-  'te.rnia  so  genera’,  "that  no  useful  ar  ower  can  be 
obtained,,  Ovieguldeto  the  proper  course  between 
these  two  s.’-rers  is  the  use  of  dcclsior,  criteria 
^  that  are  consistent  with  those  appropriate  to  U-ie 
next  higher  level  of  the  weapon  system. 

Then  tlici  e  Is  the  matter  of  limited  sample 
size.  Prvjductloii  staging  and  coulpmen*  coot 
establlr-htlie  number  of  available  samples.  Ob¬ 
taining  the  maximum  amount  of  information 
f;-oinlhe  sample  Is  not  solely  a  matter  of  stalls - 
t'.eal  tecl'.nique,  but  of  controlling  the  strategy 
"6f  Uie  environmental  progra.Ti  so  tiiat  the  Infor¬ 
mation  1b  most  reliable  In  areas  of  major  Im- 
^jiU'ice  to  Uie  succes.s  cl  tlie  weapon  system. 

-  Environmental  engl.neerlng  does  not  end  with 
Uie  t'  cling,  ci  a  cotiiponeiit  or  system.  It  con¬ 
tinues  Ifdo  tlio  field  (jperatlobs  phase,  reducing 
Uie  lolerance  i>*itw*.'en  aEsessed  environment  ami 
actual  use.  Differences  occur  not  only  tii.-ough 
Inherent  variability,  bat  because  of  the  Incvltatilo 
evolution  of  Uie  plan  fer  using  complex  oyslenis, 
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Moi'i'ovcr,  the  cin'iroiinient  of  a  weapon  le  ea- 
si'iitially  competitive;  that  is,  Uie  enemy  seeks 
its  dcloal  not  only  hy  dii'cct  means,  Vjut  also  by, 
furi'inc,  it  to  operate  wticre  Its  performance  le 
inaiftiiial, 

Ttio  hltiiatton  Uiat  faces  the  operations  analyst^ 
in  environmental  testing  of  modern  systems  may 
bo  suii..r.arlzed  as  follows: 

1.  Systems  are  larger  and  more  complex,  re¬ 
quiring  integrated pi  ahniiig.  The  performance  oI_ 
ttic  system  as  a  whole  cannot  be  predicted  solely 
from  its  cornponents. 

2.  Tiic  value  of  each  set  of  tradc-ofla  must 
be  crossralciilated  to  determine  Its  value,  and' 
tlio  best  '"ay  d  demonotrating  its  perforuimice 
dcvis.iu. 

3.  Environmental  test  programs  are  per¬ 
formed  with  budget,  facility,  and  sample  limita¬ 
tions,  al).  under  the  pressure  of  time.  The  opti¬ 
mum  strategy  must  be  decided  upon. 

4.  Tlic  results  of  environmental  experience 
ill  tlio  field,  particularly  the  effect  of  hostile  com¬ 
petition,  must  be  fed  back  into  system  Improve¬ 
ment. 

Con s i d ' ■  r ntion  of  Uncertainties  In  Operations 
Analysis 

A  trademark  of  operations  analysis  Is  tho- 
rougl. going  evaluation  of  the  Importance  of  un- 
ccitainiieH.  I-;  tlie  old,  classic  physical  pro- 
Ijleins,  uiK'crtaintio.s  were  relatively  small  and 
accuracy  of  measurement  was  high  compared 
wiltittic  elfcci?  tliat  were  lyeing  studied.  Jiegin- 
ning  with  the  study  of  the  behavior  of  gases,  how¬ 
ever,  a  realization  Itiat  complex  events  could 
only  rarely  1)0  dcscrilicd  in  a  deterministic  form 
led  to  ..he  !.  ginnlngs  of  statistical  mechanics. 
Precisely  ijccausc  it  involves 30  many  variables, 
all  occurringwiU)  varying  probability,  tlie  opera- 
lionai  .situation  is  a  natural  area  for  statistics, 
a  i'jol  tliat  opens  Uie  way  to  war  gaming,  simula¬ 
tion,  and  similar  techniques, 

V(hinever  data  are  br.oug.lit  together  and  or- 
lomizedina  particular  way,  a  moutl  is  implicit. 
Upi  rations  aiKily-sis  i.s  unique  in  stressing  the 
inqiori.ine''  oi  li;e  model's  nature  and  charac - 
to  isti;  .s.  Thus,  tlie  law  of  gravitation  a.s.suntos 
ihai  lli'  h...  vC  of  gravitational  attraction  falls  off 
a.s  the  square  of  Uie  dustajice  t)Ctween  the  masses, 
A.-ti  'i:  imy  may  treat  a  phuiet  as  a  point  mass 
(ii;-  |i'n;)oyes  ot  predicting  it.s  orbit,  but  Uic  as- 
tio.'ui  il  niakiug  a  laiiding  must  take  account  ot 
tlie  sizi’  ()1  the  planet  and  its  pliysleal  confi.qu- 
i.ilioii,  I  he  piilure  ot  the  situation  Uiat  Is  valid 
Im  i.unl.imc  ill  certain  cimipulal ions  is  not  sul- 
fii  II  III  111  iitlicr.s. 

'd'  l.s  (ioi  example,  Newleii’s  law  of  gravi- 
i.iimm  may  I'c  determinislie;  tliat  Is,  II  tlie  fac¬ 
to;,..  .lie  l.iur.cn,  Uicn  tlio  results  may  be  ac- 
laialilv  iom|ni|ed.  Put  as  tia.s  been  previously 
p 'Hill '.1  oat,  tlie  I  ol L  of  um  ertaiiity  loiccs  Uie  use 
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of  stochastic  or  probabllstlc  models.  A  niodol, 
therefore,  may  vary  In  sophistication  from  a 
qualitative  wQ_rd  picture  to  a  hlglily  developed 
mathematical  theory.  The  anruytlc  value  of 
choosing  a  model  Is  that  It  sharpens  our  under¬ 
standing  of  tlpe  TOlnts  at  which  experience  and 
predictions  are  likely  to  diverge.  Its  eXIe-.tlve 
value  is  Ihe  strengthening  of  judgment  by  con¬ 
scious  measurement  and  logical  analysis. 

ejloleot  Operations  Analysts  In  Envlronmen- 
nglneering 


We  have  seen  that  the  environmental  test  pro., 
gram  Is  essentially  a  compromise  between  con¬ 
flicting  demands  and  pres  The  history  of 

operations  analysis  has  shown  that  it  Is  niost 
uac.ful  In  spelling  out  the  various  conflicting  de¬ 
mands  and  quantifying  the  relatlonshipb  among 
them,  so  that  a  course  of  action  cali  be  nelec'.ej 
that  meets  the  requirements  of  th:i  actuiti  situa¬ 
tion  In  the  time  required.  Operations  analysis 
begins  with  setthig  the  frame  of  leference  and 
bringing  together  the  Informal  and  formal  aped-  ■ 
flcations,  developing  an  envelope  of  naturjd  and 
Induced  environmental  encounters,  and  then  re¬ 
conciling  them  with  the  factors  that  limit  tlie 
scope,  intensity,  and  duration  of  the  environmen¬ 
tal  test.  Operations  analysis  is  not  limited  to 
the  test  phase  alone,  however.  The  results  of 
field  experience  should  be  collected  and  led 
Into  the  test  program  In  Uie  form  of  moduica- 
tlons  In  the  required  environmental  envelope. 
This  Is  a  point  of  real  significance  in  the  de¬ 
velopment  of  complex  weapons  aysteme,  where 
Items  arete  ted  and  Introduced  into  operational 
us?  well  be.  ore  the  development  phase  is  com¬ 
plete.  The  1  nal  contribution  la  made  when  the 
lessons  galm  d  on  one  weapon  system  are  used 
to  develop  tlie  environmental  program  for  its 
successor. 

Mission  Effectiveness 

in  the  detailed  fulfillment  of  the  environmen¬ 
tal  program,  mlsslon-effoctlveness  has  proved 
lobe  a  powerful  tool  In  determining  how  environ¬ 
mental  test  resources  should  be  allocated  to  meet 
program  requirements.  This  Is  done  by  setting 
rearistlc  evaluation  criteria  (particularly  iri 
working  out  the  distinclion  Ixitwccn  the  indivi¬ 
dual  and  system  points  of  view),  developing  bic 
envelope  of  prob.able  envlronm.enlal  encounters, 
and  assigning  relative  values  to  various  regions 
of  Uic  envelope  Uic.-eby  establishing  the  trade- 
oils  and  llgures  ol  merit.  In  Uils  process,  Uic 
occurreiue  of  low  probability  events  Is  a  point 
deserving  particular  attention.  The  cud  result 
of  Uie  first  stages  1.3  the  establislinieiit  of  U:e  en¬ 
vironmental  test  plan,  wlitch  may  be  envisioned 
as  a  map  of  Uic  environ. mental  combinations  re¬ 
lated  to  Uie  facilities,  testing  times,  and  costs, 
all  of  which  will  be  allocated. 

Tiic  map  Is  accompiuilod  by  a  rccomnicnded 
strategy  and  tactics  lor  lulIllUng  tbe  plan,  U  Is 
a  basis  of  Uia  strategy  that  Btatlsticai  ratjier 
Oian  deterministic  data  are  i>elng  dealt  with,  'flic 
degree  of  uncertainty  varies  so  mucli  from  one 
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lii'  Pt  ol  Ukj  problem  to  another  that  approxlma- 
tiMiiR  arc  not  only  possible  and  necessary,  but 
.ictually  dcsiralile.  All  available  knowledge  re- 

«  ';.ii  Ibf  item  and  iJie  environment  Is  used  in 

lii  ltinninlii}:  Uic  test  plan.  This  Involves  the 
apiilitation  of  st'lcnlllic  method,  a  conscious  use 
ol  Llic  tecliniques  usually  labeled  "the  design  of 
experimonls,"  and  Uic  use  of  a  sequential  ap- 
proacl:  'i  which  kiiowledge  gained  at  one  part 
ol  die  program  is  immediately  fed  back  Into  the 
oilier  parts.  Tlie  basic  philosophy  Is  to  continue 
the  ()roi;i  am  until  the  results  are  Stable  within 
the  degi  ec  of  accuracy  required  by  operational 
use. 

Ulilizntion  pt  Results 

The  fin.al  lon'rlbiitlon  of  operational  analysis  •" 
to  env',.-c  imcr.tiJ  engineering  is  in  tlie  utilization 
of  rcsulla:  first,  to  assist  In  guiding  future  re¬ 
search  by  establishing  areas  of  uncertainty  re- 
garding  environments,  materials,  processes,  or 
pcrform;uices;  and  secondly,  to  indicate  tlie  pay- 
olf  areas  In  which  product  improvement  will  be 
rcimincrali  ve. 

The  operational  analysis  program  fulfills  its 
liurp'ose  when  a  reliable  model  and  good  pre¬ 
dictors  arc  evolved  iliat  caacope  with  changes 
ill  roquirements.  Experience  witli  tlie  n.atural 
and  induced  environments  should  permit  pre¬ 
diction  of  perfurmanca  in  future  situations  there-  ^ 
liy  .shorleninj;  the  weapons  development  lead- 
time  and  extending  the  period  during  which  the 
wcapfin  systeni  's  effective.  — . 

.Scope  of  Olio  rations  Analysis  Participation 

The  specification  is  tlie  starting  point  for  ea- 
tabli.sliing  the  environmental  program.  By  speci¬ 
fication  is  meant  not  only  tlie  formal,  documen-  • 
tation  and  supporting  references,  twt  also  the 

very  conaideruuie  body  of  knowledge  concerning _ _ 

system  purposes,  user  dc-.sires,  etc.,  which  do 
noifallwiltiin  the  .scope  of  formal  requirements. 
Thus,  specifications,  uotli  formal  and  liifnrnial, 
aie  given  different  weights,  depending  on  tlioir  _ 
iniportiuuc  and  the  supporting  auUiorlty.  It  ts 
tlicrcforc  aroropriatc  to  briefly  revlev;  here  Oie 
pn>cc.,sc3  by  v'T.ich  a  specification  conie.s  into 
being. 

4  Eiiviroiinient'il  bpeciticatlons 

.'’pec  ifb  iiliuii  of  tlie  mi.ssioii  and  mission  alter¬ 
natives  iH'gin.s  at  a  iiationiil  level.  The  frame- 
wort;  for  spocifyinr  nitssioivs  may  be  traced 
up  Ltirough  the  ccliclons  of  tiie  Army,  Navy,  and 
iiiL  Air  Turce,  tlirougti  the  Secretary  of  Defense, 
to  tlie  Nailotial  Securil.v  t.ioiincll.  At  this  level, 
tiiri'i  liiri  in  terms  of  missions  and  tlielr  probable 
cn.  iiimiiif  tit.s  is  general,  but  IxicomeB  Increas- 
iii  dy  spec  llic  as  tlie  directive  is  trjinslated  Into 
iiics  by  lilt'  proi'Uling  .agency.  Thus,  the 
All  l  oi  c  c  inainlaiiis  a .sti  urlurc of  AllDC  teclinl- 
1  .11  uiij“i  livc.s,  v, hicb  sel.s  fcrlti  In  general  terms 
11,1  sl.itcol  diwclopruml  In  Itey  a rea.s  and  the  pro- 
biilik'  I  rend  ul  dcvebqnnenl.s.  Weapon  systems 
,u  ■  iJ'  '.(‘bipt'd  ,'u  cording  1(;  general  operational 


requircnients,  which  speclly  the  purpose  of  Uie 
weano;-.  system,  and  Indicates  the  conte.M  of  Us 
use.  b  liially,  tlie  contract  "statement  of  ivork," 
which  is  the  basis  for  developing  eitlier  compo¬ 
nents  or  a  complete  systeni,  refers  to  specUlca- 
tlonsand  specification  huilctlns  that  further  de¬ 
fine  environmental  requirements.  Even  wUliln 
this  convTprgent  chain,  however,  there  la  room 
and,  Indeed,  necessity  to  translate  the  mission 
Into  Its  environments^  implications,  and  W  re¬ 
view  the  applicability  of  a  given  envlronsaeiital 
requirement  in  terms  of  the  mission. 

The  scope  of  the  review  Is  dictated  by  tlie  level- 
concerned.  It  Is  a  matter  of  national  planning  to 
decide  whether  to  have  weapon  systeme  that  are 
suitable  for  use  only  In  the  Temperate  Zane.  tlie 
Arctic,  or  the  Tropicu;  or  wliellicr  Uiey  iluill  ba 
omnl-cnvlrunmental.  Present  policy  of  the  Air 
Force  Is  to  build  aircraft  for  global  opc;.41oA:.. 
Missiles  ami  space  vehicles  depend  on  the  opera¬ 
tional  concept,  and  In  turn,  on  Uie  environmootai 
analysis  prepai'ed  In  Uie  early  stages  of  ti'c  lr 
development.  This  Is  not  the  concern  of  the  ana¬ 
lyst  Investigating  the  envUomental  requirement 
for  .n  component.  Working  within  the  framework 
of  the  decision,  the  analym  must  assess  the  pro¬ 
bability  of  encoonlerlng  given  extreme  environ¬ 
ments,  arid  what  cost,  ■weight,  or  performance 
penalty  ic  accepiablo  to  overcome  , a  given  risk. 

Changes  In  Environmental  Specifications 

There  Is  a  rosponslblllty  for  estubllGhins  en-- 
vlronrocntai  require  nents  nt  each,  level  of  the 
weapon  system  development,  but  Uiis  Is  not  a 
one-way  street.  Unforeseen  limitations  deter¬ 
mined  at  each  level  ha  a  reciprocal  fejdback. 
For  example,  a  bomber  may  have  been  required 
for  the  basic  mission  of  high  altitude  bombing, 
and  a  satisfactory  vehicle  designed,  developed, 
and  made  operational.  If,  because  of  radar  coun¬ 
termeasure  developments,  It  Is  concluded  Ihnt 
low  altitude  missions  are  also  feasible,  tlie  en¬ 
vironmental  speciflc.aUon  Is  changed  ana  the  air¬ 
craft  .must  now  be  further  c.'pable  ol  performing 
In  low -altitude  turbulence  t-nd  luidor  new  maneu¬ 
ver  and  load  condltioiw.  This  is  an  Inctance  In 
which  technological  developments  In  one  field 
demand  anew  mission  capabllltj’  In  another,  and 
with  it  a  new  environmental  requiremorit  foi  the 
weapon  system. 

Use  of  Envlronmenlal  Data 

The  Importance  of  informal  an  well  as  formal 
spoclflcalior/E  has  already  been  noted.  A  con¬ 
stant  Information  excliange  occurs  hiftween  uie 
Armed  Forcee  and  Industry  through  the  media  of 
pubilnhcd  arllcleo,  briefings,  syinfKiBla,  visits, 
speeches,  etc.  The  operations  analyst  must  bring 
Ihese  logeUier  Into  a  logically  organized  and 
usable  form.  Formal  and  informal  specifications 
taken  together  pn>vlde  a  loose  envelope  from 
which  ail  ol  Uio  envlronrnaits  that  wlU  be  cjI- 
counterod,  the  relative  duration  and  frequency 
of  ouch  encouiitorn,  and  the  relative  vfduc  of  suc¬ 
cess  In  each  of  the  combinations  may  be  eslab'- 
isnea. 
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CorrcMpundlrig  toeachpart  of  the  performance  _ 
l  OiiMlrciiirnl,  assessments  of  Uie  natural  and  In- 
eiiviriii  rnents  are  needed.  Data  regarding 
the  induced  (nvtronmcnts  come  from  perfor¬ 
mance  analyses,  anddaU  concerning  natural  en- 
vlronmontsfiomotiiersectlonB  ol  this  handbook. 
Tliisdata  can  then  be  translated  Into  probabili¬ 
ties  of  encounter,  and  made  specific  according 
t_-  Uie  mission  and  geographical  location.  An 
exatnijle  of  Im-.v  this  can  be  done  18  contained  in 
referen.-.e  /lO/. 

Before  leaving  tills  discussion,  It  Is  necessary 
to  iioto  liic  differences  between  tJiose  specifica¬ 
tions  ajuiroprlate  to  the: 

1.  Kesearr.h  phase. 

2.  Exiierimcnial  phase, 

3.  Prototype  phase. 

4.  Product  qualification  phase. 

During  tlie  research  phase,  every  effort  Is 
ni.ade  to  obtain  data  regarding  the  characteris¬ 
tics  of  the  physical  environment  and  the  cuirent 
d..velopmer;ts  in  physical  and  engineering  prln- 
ciiiles.  It  Is  a  (.mrlod  of  exploration  in  which  In¬ 
sight  arid  judgment  play  major  roles.  Pilot  ex- 
peritnonts  arc  filicd out  only  to  the  extent  neces¬ 
sary  to  cstablinh  knowledge  sufficient  for  the  ex- 
pcrirnenlaJ  piia:e. 

The  e.xper imeriial  j’hasc  concentrates  chi  de- 
volopir'ii;  iiic  (leoign  [uiiiciplos  and  mechanical 
ftasiliiiity  o'"  ‘Jia  pliysical  equipment.  Here,  en- 
vironmciilid  lost  results  become  useful  for  pre¬ 
dicting  perforinancc  of  the  end  system.  For  this 
rcacon,  tlic  trotia  towards  increasing  participa- 
i'or  of  tl;e  ciivironmenta.l  analyst  in  this  phase 
Ig'H  p.oven  piofitable  in  reducing  total  lead- 
time. 

The  ptatolyjie  ic  the  system  embodltnetit 
wl'.ic’i,  ii  ,>'ucccsslul,  will  t)e  brought  to  full  scale 
imodiKition.  The  operational  anaryst  contributes 
by  planning,  the  env  ironmwital  program  80  that 
the  very  Un  ited  set  ol  sample  Items  are  utilized 
(u  ol'tain  i'll n  nsation  on  ttie'most  critical  parts 
ol  the  i-pijiaiuig  rvginic. 

Duririg  (:r 'xiuction,  emphasis  fihlfls  to  the  fol¬ 
lowing  .iiofl.s:  (  .)  ina  inlenance  and  adjustment  of 
qualUv  control  for  the  cnv lix^nniental  stresses, 

|3)  uiilizaiiuii  c.;’  feedback  from  the  applications 
pha.ec  to  modify  •  I'vironm'ntal  boundaries,  and 
(.1)  e.sl.it-li.slinicnU,f  bases  for  cor, tinned  product  . 
iiopro.’C'inC-it  ;^[id  growth. 

Surnr.in  ry 

t  lie  .'U  upe  <it  npci  ations  analysis  particlpa- 
U'.in  ’.egiii.s  with  workinf',  ciiit  the  frame  trf  rc- 
f(  i  c:  (  e  of  the  tiivirorin-CTilal  pro'jram  by  brl.og- 
iri:'  iogctiii  r  all  ol  the  iclcvaiit  specll icatlcns 
a'lil  i raii.sl.it ing  tlioin  iiitr;  (.onststent  details, 

1  .'I  ii'.al  .I'ul  infi'i  ni.-U  .‘■■.(leL  it ;  :atlor,s  muHi  be  con- 
sim'icii  and  relative  weights  iit;.sli;ncd  to  each, 
riie.se  .sp'  cilicai")!,.-;  are  iransl.attd  into  an  en¬ 


vironmental  envelope,  v/hlch  Is  usunlly  far  too 
complex  for  testing  within  the  lacllllles,  budget, 
time,  and  satr^les  available.  The  task  of  recon¬ 
ciling  these  factors  Is  the  operations  analyst’s 
contrllnitton.  His  participation  Is  sequential; 
that  Is,  it  begins  with  the  specifications  and 
carries  cn  through  the  research,  experimental, 
prototype,  and  end  product  phases,  utilizing  data 
and  insights  obtained  at  each  stage  as  recipro¬ 
cal  determinants  of  future  steps.  Environmental 
engineering  cfcoes  not  end  with  the  production 
Item,  but  continues  Lhrough  Uie  system  improve¬ 
ment  and  application  phases. 

Establishment  of  Mtsslon  Effe.cttvcness  and 
TradtT^s 

It  has  been  seen  that  the  key  goals  of  opera¬ 
tions  analysis,  In  terms  ol  faculties,  tlu  e,  and 
money,  are  the  optimum  environmental  design 
and  the  best  possible  allocaUon  of  envli  oi-  nem  ji 
test  effort.  This  "environmental  competence"  of 
the  design  is  attained  by  making  the  relative  value 
of  each  environ m>aital  design  feature  an  integral 
factor  In  attaining  capability  In  the  mission.  To 
do  this,  two  major  questions  must  be  answered; 
(1)  what  Is  the  probability  of  a  given  set  of  en¬ 
vironmental  encounters,  and  how  Important  are 
they,  and  (2)  what  are  tiie  trade-offs  among  tlie 
mission  capabilities?  The  answers  to  these 
questlonsform  the  basis  envlrontncnial  engi¬ 
neering  In  any  specific  context. 

Lest  the  task  of  specifying  so  complex  a  series 
of  Interrelations  seem  too  formidable  for  practi¬ 
cal  use,  it  should  be  noted  that,  in  practice,  trie 
decision  is  always  made,  even  i/  only  by  neglect. 
Thus,  during  World  war  H  much  electronic 
equipment  shipped  to  England  had  to  be  rebuilt 
before  it  could  l>e  rendered  serviceable.  This 
neglect  of  the  storage  and  logistic  envlr  mmenl 
was  an  environmental  design  decision  having  u.n- 
fortunate  results;  had  the  designers  considered 
tlie  subject,  they  would  have  roaJltied  that  the 
equipment  wo'.dd  huve  to  survive  handling  and 
ocean  chlpment  before  it  would  ever  be  used. 
This  rather  obvious  Instance  suggests  tlie  Im¬ 
portance  of  acluaJiy  uiak  lng  an  explicit  and  de¬ 
tailed  statement  or  "map"  of  tho  distribution  of 
c-cvtronmental encounters  andthclr  importance, 

_ _  tl.  _  A _ 


Dc.flnitlon  of  Scope.  In  ary  particular  case, 
theliTElloglcal slop  fs  to  define  the  scope  of  tlie 
Hem  oS  syfelen."  Toe  broad  a  aeflnltto.i  leads  to 
unnecessary  complication;  too  narrow  a  defl.nl- 
tion  omits  relevant  factors,  A  practical  claiice 
Ib  to  select  a  functional  entity  that  depends  o.i 
the  level  at  which  the  environmental  design  is 
p  rformed.  Thus,  a  navigational  fiysteni  must 
be  all-weather,  but  a  sjitxiiliL  optical  component 
ma.ybere.'stricted  to  adaylighl  function.  Hence, 
the  designer  of  the  entire  navigaiion.'il  sys- 
ten  must  consider  ho'.v  the  various  ele:nciits 
fit  together  to  give  hlin  ail-weather  cap;  - 
bllUy,  but  'the  o'es^ner  of  the  orllcal  clcnieni  of 
the  system  maj  restrict  his  .allentton  to  day 
operations.  Failure  to  attain  Ihr  goal  of  the  rlc- 
men'i.  has  an  Immediate  repercussion  at  the  syr;- 
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tcni  level.  Tlius,  Lf  Uie  optical  device  falls  to 
ai  liievc  the  defiirod  reHolutlon  under,  say,  coo- 
tii  ien.*;  ijl  temperature  inversion,  Lhrti  Uiere  Is 
au  immediate  (i.oribai.'k  tor  tlie  system  dealgTie.r, 
ulio  must  seel;  an  alternaie-  solution. 

Assiiniinont  of  Values.  TRe  value  of  a  given 
eavironiimiial  capaliilTty  depends,  first,  on  the 
p,-n!>abLlily  o(  encountering  ttie  envlrcnment  and, 
second,  e.a  the  Importance  of  functioning  under 
the  given  conditions.  Information  on  the  pro- 
l):\i)ility  nt  environmental  encounters  Is  Increas¬ 
ingly  available,  and  sources  are  given  In  other 
•sec  lions  of  tills  handlKiok.  Thu?;,  equipment  In- 
teiidid  to  function  in  alternative  environments 
iincl  locations  may  have  computed  for  them  the 
probability  ol  encountering  given  envlnmments, 
and,  wli.it  is  Of  equal  Importance,  the  probability 
of  encoiinlcr'jig  give.n  comblnecl  environments, 
in  c-.^ies  wliere  detailed  values  arc  lacking,  a 
simple  range  estimate  may  suffice,  or  else  ad- 
vaJilage  may  be  taken  of  the  possible  correlation 
with  better-known  environments.  The  Important 
tiling  is  tliat  the  nautre  of  the  assumptions  be 
made  explicit  so  that  it  Is  po.sslble  to  relate  the 
uec^^iull  Miade  to  the  assumptions  on  which  It  is 
based. 

The  "weighting"  of  the  environmental  en¬ 
counter  regions  by  their  importance  to  the  mis¬ 
sion  follows  logically  Iroin  ppcclflcatlons  and  the 
preliminary  system  studies.  As  equipments  have 
hucome  more  complex  and  systems  Increasingly 
large-scale,  such  values  are  increasingly  uiiiT- 
eult  to  a.ssign.  One  reasonable  way  of  assigning 
tliem  is  ba.scd  oii  tlio  consequence  of  failure  (or 
s.u  cess)  to  the  user.  Thus,  failure  of  one  part 
of  a  redundant  flight  power  system  may  be  a 
nnisnnco,  but  failure  of  one  in  series  with  the 
other  equipmente  may  be  cata.strophlc.  The 
value  of  cnvironiT.cntai  survival  Is  complicated 
by  the  question  of  establish Ing  bounds  of  "satls- 
^•.u;^ury"  performance.  Thus,  the  environ ."nental 
engineer  iiuint  ,jC  aware  ol  Just  what  limits  of 
perfci  man; e  are  acceptable  from  the  standpoint 
of  the  mission.  Ky  making  use  of  such  evalua- 
tioi.s,  he  (  an  arrange  die  required  environmental 
tul  i.uicc.sto  attain  the  desired  functional  life  of 
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Mak^^  rX"-i.sioii3.  Given  the  weighted  pro- 
balnlity  of  e.ivTrohnicn'.ai  encounters,  the  stage 
i.s  net  for  tlio  appropriate  decision  In  tiie  partl- 
i  Lilai  ( .’.sc.  A  d''ri.‘3ion  is  always  made  In  the 
ligl  I  of  a  given  task,  time  and  circumstance. 
I’eme,  tin  tir„p.  rc.source  and  facilities  avall- 
ai'lc  m  devclopT.u-iii  and  test  enter  as  truly  in¬ 
to  Ihc  environmental  decision  as  do  conditions 
of  spin  du  ally  enginccriiig  or  mission  func¬ 
tion  iKiture.  liiivir  jnr.ient.al  design  and  tesdng 
cav  profitably  take  die  poiiii  of  view  of  decision 
tti'  ory.  III  whi(  h  die  weighted  joint  probability  of 
I  nvir  ininviUal  uico  uitcr  i,s  niatched  against  the 
available  r(  souif  f.s  and  lime  to  give  at  least  if 
lic'jic  o!  ni.  rit  to  tulaiive  desiipi  or  lestiRg 
•11  lit.  ,  11,  12,  13,  !</ 

.‘-  aMntii  :u  Ircinioii  duxiry  attempts  to  Ine.Iaie 
:lic  ’  nu  i.il  point;;  of  the  Uccislon-rnaking  pro- 


ces.s  by  identifying  the  possible  outcomes  and 
penalties.  Taken  literally,  It  Involves  foresee¬ 
ing  and  setting  lorllt  all  of  the  probabilities  of 

'  environmental  encounter  and  all  of  tlio  oul  comoa 
that  correspond  .'o  a  given  degree  of  environmen¬ 
tal  capability,  aiid  then  computing  the  contours 
of  the  outcome. 

It  is  assumed  that  the  environment  will  be  en¬ 
countered  In  s.  reasonably  denumerable  number 
of  simple  comblnatiops  (A  in  the  following  equa- 

...  tions).  Thedestgaermi'yeelectalternatlvecour- 
ses  of  action;  that  Is,  choose  tc  design  his  equip¬ 
ment  to  meet  certain  environments  (B  in  the 

-  equations).  Obviously,  a  table  can  be  set  up  that 
gives  the  probability  of  encountering  each  ol  tlie 
environments  specified  In  the  matrix  during  the 

_  mlHsion  phase,  I'q  do  this,  a  series  of  solutions 
of  the  following  form  Is  obtained: 

Xj  =  ■=  AjBj,  X„  E  A„Dn 

The  alternative  courses  of  action  are  now  set 

-  forth  numerically  In  terms  of  the  unit  effort  to 
cope  with  requirements  of  Intensity  associated 
with  different  probabllltea  of  encounter,  and  a 
minimum  may  be  sought. 

_  There  are  three  criticisms  of  this  procedure. 
The  first  is  simply  the  unavailability  of  suffi¬ 
ciently  detailed  Information  regarding  tlie  envl- 

-  ronment  to  specify  the  probabilities  Involved. 
This  la  a  factual  nialtor  and  the  answer  may  bo 

-  obtained  by  referring  to  otlier  sections  of  this 
handtxwk  and  to  otlier  literature.  When  factual 
data  are  lacking,  It  is  an  Immediate  Indication  of 
an  area  for  research;  however,  to  the  interim, 
estimates  may  frequently  be  made  p.rovlded  that 
the  analyst  is  conscious  of  the  uncertainties  In 
his  estimation. 

Tlie  second  problem  Is  that  of  placing  en¬ 
velopes  on  the  outcomes  associated  wlUi  each 
course  of  action.  But  this  lodgment  Is  always 
made,  even  11  by  default.  Thus,  tlie  decision  to 
state  equipment  specifications  such  that  the  sys¬ 
tem  must  operate  at  -40  F  Involves  Uie  value 
Judgment  that  the  need  for  operating  at  -40  F  is 
worth  tiie  design,  development  ana  fabrication 
coEts  involved. 

The  third  objection  concerns  the  very  consi¬ 
derable  and  dllflcult  compulations  required  In  a 
particular  case.  This  is  In  many  ways  a  power¬ 
ful  criticism  and  is  best  answered  by  using  tlie 
decision  theory  approach  only  for  bounds,  or  ex¬ 
tremes,  of  the  probable  environmental  en¬ 
counters. 

There  Is  an  Important  point  to  remember  in 
any  j.robabllstlc  or  trade-off  analysis;  systems 
must  U'Cquontly  operate  In  ahostUe  environment; 
that  is.  In  BitualioriS  where  Uicre  is  an  iiiteUigenl 
opponent  who  striven  to  defeat  the  system.  One 
j'csource  against  htm  Is  to  operate  uiiaor  cnvlron- 
mc'itai  condillona  uia'avorable  to  the  defender. 
Therefore,  low  probability  events  must  not  be 
neglected;  Instead,  they  require;  careful  detailed 
study  In  the  light  of  the  hostile  environment. 


#■ 


T'lo  r<‘sijlt  of  Lh'‘  foregoing  procesJ  Is  a  map 
oi  t rad'  -offs  and  fii;ui(*e  of  merit  that  Indicates 
I"  ti':e  dcs.ijncr  aiiJ  ttie  test  engineer  JuPt  what 
i-  i  I'li  in  !ni  e  must  !;•  attaii.ed,  what  the  conse- 
Mju'iK  €>s  of  failure  are,  and  how  much  effort 
lie  allot  uled  to  Its  attainment.  The  map 
.also  Indicates  the  Interrelationsliips  between  the 
j'.spottive  mission,  environment  and  resource 
i  nuts. 

i;K*:il'li.''im(  nl  of  Environmental  Plan 

I  he  estabUshment  of  llie  environmental  plan 
follows  as  a  consequence  of  tlie  figure  of  merit 
,uid  trade-eff  niaij.  There  are  areas,  particu¬ 
larly  in  tlic  primary  mission.  In  which  complete 
onvironi.icnial  competence  must  be  attained; 
ti.at  IS,  in  which  tlio  equipment  must  have  sub- 
.siantiaily  vero  probability  of  failure.  Equally, 
how  ever,  tiicrc  is  a  feedback  between  the  desire 
It)  make  Uiis  region  as  broad  as  possible,  and 
(lit.  need  for  remaining  within  the  resources  and 
time  available  to  complete  tlie  system  and  make 
il  fully  operational.  Failure  to  assess  this  re- 
•t.'iiitJuring  tlie  course  of  development  Is  paid  tor 
inieiMi.s  of  long  lead  tbnes  and  excessive  costs, 
1h'  iiroftidurc  recernrnendt'd  in  the  preceding 
pai'agrr.phs  is  riesiralile  in  thi.s  respect,  in  that 
It  makes  available  to  Lb?  dosiipier  and  to  the  test 
t.ngim'or  tlic  consequences  of  Uic  decision, 

II  must  Ix!  renirunbcrcd  that  Uie  appropriate 
(linn  will  LUior  according  to  wheth.er  the  equip¬ 
ment  i.s  in  (he  c.xpcrime'ntal,  prototype  or  pro- 
diK'tion  s'  lgc.  In  Ihe  cxporini'cntal  stage,  feasi¬ 
bility  i.s  li. dm;  cG'ablishcd  and  fundamental  know¬ 
ledge  gained  i  egiuding  the  technical  possibiiUlea 
and  the  nalurai  and  induced  environments,  Tlie 
tc.si  plan  (hen  may  .seek  to  follow  only  tl)e  envi¬ 
ronment.^  deemed  critiial,  taljng  wide  Intervals 
So  as  to  obtain  qualitative  knowledge  of  the  sys- 
lom  re,?ii'in.se  to  the  envijonnient,  and  at  lca.5t  a 
single  bound,  DimingUieprototype  Stage,  the  en- 
velojic  is  more  cloS  'iy  specified,  and  the  steps 
are  clo.sor  logctlier  and  are  pointed  specifically 
to 'vc'il;  .spots  in  Die  de.'^ign.  -  In  Uie  production 
pliasc,  environnicnt.al  te.siin?  has  as  its  goals  at 
i'’a,.t'.'ii-  fii|b,v,ing;  (1)  pi.rfor.Tiance  demonstis- 
li  iii  .pid  i;i  odi'jwi  ijuai  11  icaiion,  (2)  quality  control, 
i  3)  qu.'dity  as.'i  irancc,  and  (4)  [ailure  analysis  and 
iioubk  ■sliommt;,  'I  ho  lu  st  seeks  U'  demonstrate 
lie  iiil.Locni  qmiiuy  ol  the  dcesign,  and  implies 
that  clo.se  nltciition  has  been  given  to  the  item 
.iiulcr  te.sl,  .\Ior"civ  cf ,  llie  cxpcj  iiuentaJ  and  pro- 
u  iyp.e  le.st  results  are  available  for  tack-up, 
I-  II'  I ,  a  sinai;  numlier  of  saiii|-'les  rn:‘y  be  tested 
.'t  a  (ew  C  l  iiiciU  efict  h  iioints.  In  tlie  second  mid 
il'.ii  I  (  .i.ses,  lesl.e  should  no*  only  cover  criilcal 
I  liiii.s  Iri!  ai:.o  screen  Icr  process  degradation, 

I  1  :i  ■  subji'ii  i.s  well  covered  bi  standard  works 
"Il  q.iair.y  centrol,  .such  a.s  references  /15/, 

10  ai'd  17''.  Failure  analysis  and  trouble- 
si.'Miing  i.s  til.ivi'iusly  focused  on  tlie  particular 
'■■r.in  e  of  tioublc. 

I>  IS  II  ii  niM  cssary  to  di.sciiss  the  pJan  for  en- 

!  1  'iiiii'  iit.il  d'-.sign,  .since  it  is  a  consequence  (as 
iMii.l  ,iii"-.(')  of  (lie  ( ijuire  ol  meril  and  tradc-off 
."'ll. -i Ill'  drsii'iur  will,  how'cvcr,  consider 
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the  consequences  Ol  failure  on  other  part.e  of  the 
program  and  select  the  most  conservative  values 
(upper  confidence  limit)  during  the  experinu  nt.il 
stages  of  the  program;  for  it  is  during  tliis  phase 
that  the  c.xti’a  cost  is  modest  in  compnxlcoi'.  w  iUi 
the  effect  on  the  program  as  a  V'liole.  Then,  as 
knowledge  regarding  tlie  operational  environment 
is  fed  back  and  a  more  precise  knowledge  of  Uie 
requirements  for  mission  efl ectiveness  is  gained 
the  requirement  Itself  may  be  optimized. 

It  is  emphasized  that  the  environmental  goal 
must  recognize  and  distinguish  between  the  re¬ 
quired  and  the  discretl'jnary  elements  at  each 
stage,  and  that  the  map  of  required  environmental 
competence  must  be  fulfilled. 


Strategy  and  Tactics  of  Envlronme.qtal  Program 
yuCllIment  ~  " 

The  scope  of  environm^'iital  strategy  Is  to  uti¬ 
lize  the  characteristics  of  the  technlCEii  problem, 
previous  knowledge,  and  the  resources  of  scien¬ 
tific  method  to  achieve  the  desired  goals  In  the 
required  time  and  with  the  available  resources. 
Noflxed  procedure  can  be  recommended;  Instead, 
there  is  a  body  of  viewpoint.  Insights  and  tech¬ 
niques  from  which  only  those  that  seem  especial¬ 
ly  relevant  In  the  present  context  can  be  selected. 

In  regard  to  the  technical  problem,  first,  It  is 
—  clear  that  In  the  practical  situation  Oiere  are 
many  more  factors  Involved  than  can  be  meas- 
urev*  or  experimented  with.  Therefore,  It  is 
“  necessary  to  find  means  of  unifying  or  "collap¬ 
sing”  these  extensive  sets  of  observations  Into 
regions  of  securely  won  knowledge.  Second,  test 
''  measurements  and  assessments  of  environmental 
conditions  are  likely  to  dlfler  from  those  actual¬ 
ly  encountered  Inpractlce,  Therefore,  actual  c.r- 
perience  mustbe  fed  back  to  calibrate  and  scale 
the  test.  Program  fulfillment  must  be  iterative; 
_  that  Is,  the  environmental  engineer  must  use 
each  Stage  In  learning  about  and  solving  his  pro¬ 
blem  as  a  platform  from  which  to  achieve  the 
next  stage.  — 

The  formulation  of  fruitful  questions  and  lines 
of  attack  requires  that  the  data  ar<d  afiS'Jmptlo.'is 
that  are  used  be  actually  chosen  and  not  merely 
arrived  at  by  accident.  Since  really  serious 
errors  and  misconceptions  emerge  early.  It  Is 
btsl  to  stay  as  simple  as  possible,  and  to  begin 
vdtli  a  series  of  exploratory  runs,  preferably  be¬ 
ginning  In  an  area  of  known  response.  As  soon 
as  irrelevant,  undeslred  or  highly  correlated 
factors  arc  Isolated,  they  can  be  eliminated, 
- — since  ihelr  effects  eltlierdo  not  matter  or  can  be 
predicted  from  the  known. 

The  decision  and  evaluation  criteria  sfdcctcd 
_  at  any  level  should  be  consistent  witli  those  at 
higher  levels,  and  the  level  of  sub-optimization 
should  be  chosen  carefully.  Finally,  Uicre  Is  a 
catulcn  Uiat  cannot  be  overstressiid:  "il  is  the 
real  world  and  not  the  model  or  the  specification 
that  Is  your  object." 
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[  :  ■'  ’ll  Av.iij  ii'l^  Knowloili^c.  TJie  rote  of  pre- 
VI.  ...  kii'i.( ; ni:.!' iiii.'-rnTrriKlj  Loon  noted.  The  cn~ 
vi  I  ■  ■I'.nii.iU.U  d.  and  test  engineer  has  avall- 
•  ii'le  a  i  o;i.si(l{ ;  :il)]e  Ijody  of  pliyslcaJ  knowledge 
aa.l  tneoiv  fiom  which  to  begin.  The  degree  of 
I  ciiairity  may  \’ary,  bat  he  wlU  almost  never 
siarl  totally  hi  tlicdark.  It  Is  therefore  possible 
to  j  un  cnec'k  p'oints  in  known  areas,  intensifying 
ai.d  toi.TlIinr  the  coverage  where  technological 
aurpi  ise  i.s  encoveterfM;. 

The  existing  Iwdy  of  knowledge  regarding  the 
ptiysical  univor.ae  provides  physic.*!!  laws  that 
may  lx?  interpolated  and,  with  ratlier  more  cau¬ 
tion,  extrapolated  to  a  first  estimate.  Also,  as 
has  been  noted  previou.sly,  tlie  goals  In  each  phase 
v)[  cnvironmciUid  test  differ;  tliose  durbig  basic 
le.sv.ucli  liavc  .*)  primary  exploratory  nature; 
Uicso  arc  fotl.owed  oy  Uie  oUier  phases,  which 
yield  iiK' retisingly  specific  knowledge.  1  he  for- 
iiiulationof  the  atrategy  of  testing  first  Involves 
a  .survey  of  the  ph>sic;U  laws  and  engineering 
dal.i  a(iplicablc  tn  ttic  item*.  Tlius,  the  proper- 
lit  s  of  given  rr.rtals  in  high  temperature  are  so 
well-known  tliat  ttie  degree  of  variability  to  be 
exiif’f  tcd  would  be  much  le.ss  tlian  that  for,  say, 
coi'l.iiu  elastomers. 

In  many  cases,  it  is  possible  to  cxtra{>olate 
from iithor  similar  items.  Here  again,  the  stage 
of  the  pivKiam  is  important.  Mucti  less  extra- 
polaimg  and  ostiiiiating  may  tie  necessary  dar- 
irr,  ihi  piotoiyiie  stage  than  in  the  re.search  and 
expvn.'iiont.Ti  stages;  andUieend  product  perfor¬ 
mance  estimate  denwids  even  less  upon  judgment. 

Seifction  of  1  t-st  Metliod.  It  is  at  this  point 
dud  a  clecisiuii  c  an  be  made  as  to  whether  the 
a|)|iioprla’.o  te.st  i.s  r  single  to.st.  or  a  combined 
or  luirale  test.  II  there  are  no  interactions  among 
tl'.e  oiiviroiiiiients  or  functions,  then  single  tests 
.are  apurofiriitle.  Tlie  degree  ol  tlie  interaction 
uct.rrm ;r.c.s  tJ.c  iivctssHy  for  a  combined  ajt- 

pl  O.K'il. 

rile  leeisiou  to  simulate  the  actual environ- 
1111  'ii^  ;;;•  vij.pioy  arcciernted  or  i.urdle  test¬ 
ing  d'  pends  on  die  availability  of  a  scale  for 
nic.i.,Li  mr  tiie  v.feit  of  Uic  .'iciclerat ion  or  of 
the  iniT-dlc.  The  re.s()Oiise  of  most  items  under 
vn.  iniiuiH  iital  s' 1  ess  isTriear  under  only  a  por- 
ti  'I  c  till  [I  ime,  and  i.'i  setting  the  hurdle  or 
ai '.  cu.;.  ;:  Id'-,  (esi  It  IS  necessary  to  avoid  violent 
di,...  V  tiiijdu's  m  die  response,  for  tlie  best  use 
ef  .e  i.  .  i.di'caaci  tin'die  lesiim'.,  it  is  desirable 
to  l.a  e  iiu  p.i.sdnlily  ol  lui  nderval  scale;  tliat 
I'l,  ,1 .1'.  la  'aIui  Ii  .1  given  inc  rement  in  the  envi- 
lii.i'n  I'.iJ  .'Ur'  .'s  c;in  lie  it  luted  to  i  orrespemd- 
III  ,  I  ii,ri.,i  III  ll.e  11  spouse  of  tlie  itcin. 

l.i:\ i;'ei;i:uiil..|  testing  is,  of  course,  jier- 
f.  I’ni  li  n  ,1  s.i’nidc,  even  wlieii  only  one  item  iS 
!'■  ■.  i,!:.  .'I'.'.i  Uv  san.e  iiem  is  used  botli  for 

“  I  i  "it.  m"  IS 'ised  liri  c  to  avoid  the  cum- 

i  . .  ■  C' '  1 1 1. ,i| . ii  (h,  111,  I  ,i ,  (.(iv— part, coni- 

'  '  i  '.  'e  •  il  in  it.  .sui's',  sleni  and  .system. 


test  and  operation.  This  Is  true  because,  wlillc 
we  may  not  be  sampling  tlie  equipment,  wo  are 
In  fact  sampling  the  equlpment-and-its-operat- 
Ing-tlmc.  The  decision  to  regard  successive 
operation  at  different  times  as  equivalent  may, 
of  course,  be  made,  but  should  be  a  conscious 
one. 


The  desire  to  extract  the  maximum  amount 
of  mea.Tlngful  Information  from  given  tests  im¬ 
plies  a  sequential  approach,  in  which  data  and 
conclusions  from  one  test  are  used  to  decide 
the  course  of  action  in  the  next;  that  is,  whether 
—to  Increase  the  sample  size,  conclude  the  test, 
or  narrow  the  test  Inter/al.  Modern  experlmen- 
Aai  design  strongly  otresses  this  ’’evolutionary" 
approach.  An  excellent  account  Is  given  in  re- 
_fererice/i5/;  sequential  mellnxls  are  well  Iro.'ted 
In  reference /1 9/.  Much  of  tliis  material  is  pri¬ 
marily  within  the  professional  competence  oi  the 
statistician;  however,  the  environmental  designer 
and  test  engineer  will  find  tlie  underlying  view¬ 
point  well  worth  assimilating.  It  will  aidhln'iin 
attaining  the  benefits  ot  doing  the  statistical  de¬ 
sign  before,  and  not  after  the  experimental  wora 
is  done.  If  he  follows  this  course,  he  will  avoid 
the  regrets  common  to  much  work  in  tills  iTelci. 

A  Note  on  Statistical  Technique 

The  ready  availability  of  statistical  texts  ai 
almost  all  levels  makes  It  possible  to  dispense 
with  a  lengthy  discussion  of  basic  slatlstics  In 
this  handbook.  As  a  minimum,  the  environ¬ 
mental  engineer  will  want  to  be  able  to  com¬ 
municate  with  the  operations  analyst  and  statis¬ 
ticians  who  support  his  wrk,  and  others  who 
must  integrate  his  results  Into  system  evalua¬ 
tion.  The  following  is  a  check  its*  of  recom¬ 
mended  topics  with  which  he  should  be  lamlUar: 

1.  The  idea  of  a  random  variable. 

2.  Statistical  notation. 

3.  Dcfinitloiia  and  properties  of  the  average 
variance  and  standard  deviation. 

d.  Standard  statistical  dlstrltiutiois,  includ¬ 
ing  Uie  normal,  lognormal,  rectangular,  (chi- 
fqi’rtre),  binomial.  Poisson,  t,  and! distributions. 

5.  Curve  fitting  and  least  squares. 

6.  Confidence  Interval  estimation. 

7.  Te.sts  ol  hypotheses. 

8.  Vnalysis  of  variance. 

Si.  Nonparamctrlc  statistics. 

An  excellent  general  Introduction  to  Uic  appli¬ 
cation  nf  statistical  methods  may  be  found  in  re¬ 
ference /18/.  Tlusbookalso  provides  useful  and 
wise  advice  on  almost  the  entire  range  ol  pro¬ 
blems  encountered  In  practical  sclent  die  and  en¬ 
gineering  investigation. 
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(Uln  i-  useful  rctercncop  are  liflted  at  the  end 
I'l  ‘Jii.-,  iJiaptcr.  Particularly  recommended  Is 
ii  luii'Mco  /2O/,  oiio  of  the  mOvSt  complete  and 
yd  useful  works.  More  elementary,  but  exrel- 
i'Mii,  me  references  /21/  and  /22/.  Tha  Impor- 
tanll  irldof  non-parametrlc  statistics  Is  covered 
in  an  Inlroductory,  but  thorouglily  u.seful,  fashion 
in  r‘:.'!erence/23/. 

.Stet'*  ti''a  1  e.stl:na!lnn  also  has  its  trade-offs 
in  tet  hnlque,  cud  the  analyst  will  always  want  to 
con.'^iuer  the  relative  value  of  a  rapid  estimate 
h'ascdon  afew  measurements  wltl>  a  larger  con- 
f  idem  <>  interval  as  opposed  to  large  sample  tech- 
ruq’."'s.  A  useful  pocket  guide  in  this  area  is  re- 
fcrence/2‘1/. 

The  dcsiitn  of  experiments  Is  dealt  with  from 
a  pl.il'jrof.'hicai,  yet  practical,  point  of  view  in 
reference  and  alargenumberofexperl- 

r.icnial  designs  aregiven  in  reference  /I6/.  Re¬ 
ference  /15/  is  wortliwhiie  rcadingfor  the envl- ' 
ronmental  engineer,  whether  or  not  he  particl- 
patc-s  directly  indc.signlng  the  underlying  fltatia-^ 
tical  structure  of  Uie  tost  sequence.  Reference 
.  20/  is  a  classic.  Because  of  tlie  frequent  re- 
levanrc  of  tlic  lognormal  distribution  to  experi--- 
inental  data,  reference  /27/  is  also  listed. 


A.s.si  ssme.’it  of  Enviiauunenlal  Plan  Fulfillment 

The  purp.osc  of  system  development  is  to  In- 
su re e'ferti v-»  iiorfocmance  in  the  mission  envi¬ 
ronment.  Tiierefore,  the  kiiplementatlon  of  the 
cnvirorimeiitai  plan  must  be  followed  at  each 
stage,  first  to  assess  prospects,  then  to  insure 
tiic  aclurJ  fulfillment  of  the  plan,  and  finally  to 
ga  in  a  basis  for  predicting,  llie  future.  The  eval¬ 
uation  i.s  performed  at  two  different  levels: 
acros.s  time  as  fhe  system  is  developed;  and  for- 
aifiven  item  in  a  given  test.  The  two  aspects  are 
sufficiently  different  to  merit  separate  con- 
SKleniiioif, 


riguro  4-2  presents  a  block  diagram  of  a 
typical  system  development  sequence.  Tho  pto- 
resH  begins  with  the  miBBlon,  which  Ifl  translated 
by  means  of  operations  research  studies  Into  llie 
desired  system  characteristics.  These  char¬ 
acteristics  then  lead  to  an  engineering  selection 
of  the  technical  alternatives,  which  are  either  in 
the  realm  of  available  technology  or  else  consti¬ 
tute  a  research  area.  The  two  taken  together 
lead  to  a  technical  solution.  The  solution  is  im¬ 
plemented  by  prototypes  and  production  quanti¬ 
ties,  which  go  to  ser'/lce  test  and  operational 
use.  The  mapping  of  Uie  envirunment-mloslon- 
value,  previously  discussed,  is  the  basis  of  the 
evaluation  process.  As  shown  in  Figure  4-2. 
opportunities  for  assessment  occur  in  at  leasi 
six  stages,  beg  Inning  with  the  engineering  consi¬ 
deration  of  the  technical  alternatives,  on  through 
the  operational  use  stage.  For  most  large  rcaJc 
developments,  this  process  may  be  envisioned 
of  the  order  of  four  to  eight  years  {correi;po"'»ing 
to  the  actual  development  cycle).  The  results  of 
this  sequential-consideration  are  fed  back  to  the 
mission  and  the  desired  system  characteristics 
blocks.  The  environmental  plan  should  receive 
the  same  Intense  scrutiny  as  the  other  key  sys¬ 
tem  aspects.  llie  information  obtained  at  any 
one  stage  may  then  be  fed  back  to  guide  the  suc¬ 
ceeding  stages-or,  If  necessary,  to  appropriately 
adjust  tlie  mission  or  the  means. 

At  the  detail  level  of  assessing  test  fulfill¬ 
ment,  the  environmental  engineer  must  deter¬ 
mine,  for  the  particular  problem,  the  allowable 
uncertainties  and,  by  utilizing  appropriate  statis¬ 
tical  techniques  and  engineering  analysis,  select 
the  proper  cut»off  point,  The  price  of  Increas¬ 
ing  coiuldence  comes  high.  Figure  4-S,  for  ex¬ 
ample,  gives  reiiabUlty  levels  for  a  series  of 
tests  with  and  without  failures.  The  rapid  In¬ 
crease  in  the  number  of  test  samples  for  high- 
confldence  coefficients  is  evident.  The  decision 
as  to  when  the  test  plan  has  been  fulfilled,  there- 


Flg.  4-2.  System  development  interrelations. 
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Fig.  4-3.  Reliability  levels  for  series  of  tests  with 
and  without  failures 
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Fig.  4-4.  Oi  gariii!.atlons  requiring  use  of  environmental  facUitle8,/28/ 


f'lre,  is.nn  integral  part  of  cnoosing  the  allowable 
level  o(  unrortainty  coinrncnBuralc  with  the  grand 
I'l.nign  of  Itiu  system. 

''I  ili7a'  I'lii  of  rtesiilts 

riipire  s-4  sliows  same  ol  11)0  various  groups 
tli.u  rcnuiru  test  evaluation  work  in  ttie  various 
pti.o  i'S  Ilf  rli'Sign  anrl  tlevelopmrnt. 

The  sysienis  point  of  view  applied  to  ttie  utl- 
li.  aiioii  of  envinnnneiital  test  results  is  highly 
[.I  ol  it.ilili  in  tlif  lollowirig  nt-ea.s; 


1.  Deternilnatlon  of  further  research  direc¬ 
tions. 

2.  Product  Inriprovemenl. 

3.  Quality  control. 

4.  Formulation  of  environmental  models  and 
picdlclors. 

5.  Changes  In  mission  value  weights. 

6.  Etases  for  future  environmental  plan.ning. 
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TIu’  fiysl'jiii  of  comparisons  and  feed-backs 
I'l  ill ',s  to  the  fore  ai’eae  of  Ipnorance  or  uri<  er- 
i.iiniy.  Moreover,  ili<‘  valoc  wei  ghts  give  tlic  re- 

l.'tivi-'  important  c  that  slioiild  lie  attached  Ic  a 
HIM  11  jiu'reas!;  of  knowledge  ol  any  g'ven  point, 
'i'!ierefore,  not  only  arc  researcli  areas  distlng- 
uisiied,  Ijut  also  a  relative  .priority  Is  indicated., 

I’rtxJiici  Improvement  areas  follow  logically 
fr-om  la.lvre  to  at'ain  Uie  Jniaslon  goals.  Here. 
ai:ain,  the  weights  play  .'x,  important  part  In 
('.uiciing  die  allocation  of  resources.  Conversely, 

Uie  approach  also  provides  a  meanuro  ol  pro¬ 
tection  against  tlio  disease  of  tinkering  with  the 
de.iigr,,  and  expending  resources  or.  product  Im- 
pro  eniont  for  it.s  own  sake. 

C  lali'-V  control  made  effective  by  relating 
coiiipeteip  c  ;.-i  a  ^.iven  en-,nronment  to  the  tol- ^ 
cnmccs  winch  must  be  mrmtained  at  the  maim- 
factuni'g  level.  The  evaluation  procedure  dis-^ 
cussed  above  may  be  integrated  witli  the  conven¬ 
tional,  wcll-estaliliKlieu  quality  control  techni¬ 
ques  to  adjust  the  acceptable  tolerances  (and 
lienee  Uic  cost)  to  tJie  p.XTJOSO  at  hand.  Here  the 
desiciijj  will  want  to  conaidcr  not  only  the  Im- 
a  euiaie  mi.ssion  but  aiso  Uie  secondary  and  fu¬ 
ture  missions  to  which  the  equipment  may  be 
as-signed  during  its  useful  life. 

A  major  pay-off  aret.  lies  within  the  scope  of 
environmental  techniciue  itself.  The  present  as- 

surliuent  of  single,  combined,  accelerated  and _ 

hurdle  tc.sis  tnr.v  b(  sysicmat  ied  into  an  estab- 
lislicd  series  o!  sn.  ironmentid  models  and  pre- 
dictors. 


Evidently,  the  sequential  asBessment  of  envir- 
omental  competence  tlirough  die  lUc  history  of 
a  system  ultimately  leads  to  a  comparison  of  tlio 
initial  Judgment  of  the  mission  environment  with 
(hat  encountered  Ln  practice.  The  corrcapoiid- 
Ing  changes  bi  the  mission  values  act  to  ehorten 
development  lead  time  and  attain  tlie  goal  of  an 
effective  system  at  minimum  cost.  The  sanie 
process  lays  the  basis  for  planning  future  en- 
vlronmentiJ  requirements.  These  become  ir. 
creaslng'y  consistent,  explicit,  predictable  and 
responsive- to  the  needs  of  modern  technological 
developme  nt.  — 

The  Future  of  Environmental  Operations  Re- 
scaren 

Operations  research  methods  are  capable  of 
making  a  profitable  contribution  to  environmen¬ 
tal  engineering.  Tht?  preceding  disc. 'P:ion  h  u;» 
given  hbjts  as-to  itb  proper  utilization  at  each 
stage  ol  the  research,  development  and  use 
phases.  It  has  shown  how  the  approach  leads  to 
an  expi,.clt  understanding  of  the  environmental 
plan  in  relation  to  the  system  as  a  whole,  and 
provides  a  basis  for  working  out  the  optimum 
trade-effs.  ft  deads  to  Increasing  Information 
regarding  the  operational  environment  and  mo¬ 
dels  appropriate  for  Its  simulation. 

Environmental  operations  research  will  evi¬ 
dently  grow  and  develop  within  the  scope  of  cn- 
viromnenLal  engineering,  and  the  contributions 
ft  may  make  will  grow  as  systems  and  environ¬ 
ments  become  more  complex  and  demanding. 
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CHAPTER  5 


ENVIRONMENTAL  PROTECFION 


IliKht  vehicle  systems  to  operate 
reliably  under  the  many  expected  adverse  envi¬ 
ronments  presents  many  problems.  The  pro- 
i'lems  are  generally  more  difficult  to  solve  for 
a  flight  system  than  for  a  land  or  sea-based  sys¬ 
tem  because  (I)  tlie  flight  system  usually  has  se¬ 
vere  v.ci, .lit  and  size  restrictions  imposed  on  It, 

;ind  (2)  the  higli  velocity  of  flight  vetiicles  often 
results  in  more  extreme  combinations  of  envl- 
ronmoiits.  To  furtlicr  complicate  the  problems, 
flight  systems  are  lapidly  t>ecomlng  more  com-  _ 
plex  and  sophisticated,  HO 'hat  not  only  do  hyper- 
CMvlronrnental  con>ljinat'.'''ns  become  problema¬ 
tical.  lAii  much  more  equipment  is  being  used, 
wtileh  also  requires  protection. 

There  are  cwo  basic  apiiroaches  to  environ-  '' 
merit  a)  prutc-cllon; 

1 .  Use  of  materials  and  designs  tliat  can  wltli- 
stand  Uie  environments. 

2.  Control  of 'lie  environments  to  within  limits 
wlicrc  tiiey  cbI'.  1)C  wi'Jistood. 

'C.'ie  first  niL’tlicxl  is  the  riosl  dcsiraWo.  since 
it  ver'erally  does  not  require  tlie  use  of  adailional  — 
equipiii  'lit,  added  equlpmait  Increases  cost  and 
weight,  uses  needed  space,  and  increases  tliepro- 
iu  jtiuii  pi'ubl.-rii  because  tlie  addiliuiial  vqulpiiieiit 
is  aJ  SO  c'X)ioscd  to  the  environments.  The  use  of 
liroper  niatcriaJs  and  design  calls  for  constant 
awareness  on  tlie  part  of  tlie  designer  of  tJiecon- 
tinuing  new  developments  and  studies  nradc  by 
industry  and  the  mliltary.  ~ 

Wlicn  it  is  not  practical  or  possible  to  design  - 
equipment  to  wiUisland  ttie  environments,  eavl- 
lonmerital  control  should  be  exercised.  This 
itu  ludes  iiioa.snrcrs  sucti  as  icmperature  control, 
sliiiel;  and  vibi  ation  Isolation,  radlaiion  shielding, 
etc.  It  is  important  to  note  ttial  control  of  envl- 
ii  riiiii  nls  does  not  always  require  aclditlonal 
>  qui|iinc’nt.  Many  of  the  ind"ccd  environments 
arc.  erealed  by  tin,-  velilcle  system  itself.  Heat, 
.'iluK'l;  and  viliration  are  some  examples  of  such 
I  ir.  1 1  iiiiiK  Ills.  liy  tlie  careful  choic  e  and  design 
1)1  so'u"  lueceb  (jf  cqujprncnii,  less  heat,  shock 
aii'l  •.  I'lralion  will  lie  [.’i  (jchccd. 


In  many  Instances,  the  design  complexities 
and  welclit  and  space  limitations  aatj  sc  grvat 
tliat  neither  one  of  the  protection  appi-oaclies  will 
suffice  by  Itself,  In  these  cases,  Judicious  com¬ 
promises  will  have  to  be  made.  Proper  choice 
of  materials  and  design  may  be  carried  out  to  a 
practical  point  where  only  a  minimum  of  envi¬ 
ronmental  control  equipment  Is  needed. 


MATEfUAl,  STTOIES 

To  aid  designers  In  choosing  the  proper  ma¬ 
terials  for  varice  s  applications,  military  agen¬ 
cies  continually  sponsor  matcrlail  studies.  Var¬ 
ious  types  of  studies  are  conducted;  Some  de¬ 
termine  the  general  reaction  of  certain  materials 
to  varlo'js  environments;  cAhers  determine  the 
environmental  limitations  of  materials;  and  stlU 
others  Investigate  the  feasibility  of  using  cer¬ 
tain  materials  and  alloys  for  future  applications. 
Some  studies  are  highly  specialized,  investiga¬ 
ting  only  such  -items  as  parachute  materi^s. 
Others  are  broad  In  scope,  covering  a  large  num¬ 
ber  of  materials  such  as: 

Pls'jtlcs  Antiseize  compounds 

Metals  —  Casket  materials 

Metalio-organlc  com-  Hydraulic  fluids 

};uunu^ 

Ceramics  Chemicals 

Transparent  materials  Scaling  compounds 

Textiles  Semiconductor  ma¬ 

terials 

Coating  materials  Dielectric  materials 

Lubrlcanlo  Insulating  materials 

Adlieelvcs  Hydrocarbon  fuels 

Magnetic  materials 


The  results  of  the  studies  can  be  obtained  In 
reports  made  available  by  the  Armed  Services 


MATERIALS 


tiniciU  Information  Agency  or  from  the  ori¬ 
ginal  service  organizations  that  Bponsorc<l  th*’ 
.sliiJiCK.  For  example,  abstracts  ol  270  technl- 
ca]  r'  pnrts  written  for  the  Materials  Laboratory 
of  Wright  Air  Development  Division  from  July 
G  to  June  IflT)?  can  be  obtained  In  WADC  TR 
r)3-:i7.'t  supplement  4  (ASTIA  Document  No,  AD 
i  llOOl).  llicse  abstracts  present  n  review  of - 
die  An  r'orce  rnaleriai?  researcli  and  develop¬ 
ment  program  during  th.rt  period.  A  complete  - 
list  of  all  known  organizations  or  agencies,  botli 
military  and  industrial,  tliat  may  be  designated 
as  materials  Information  centers  on  the  basis  of 
ttieir  collecting  anddisseminafineup-to-datedata 
on  materials  research  and  development  is  con 
taiii’id  in  WADD  TN  60-246.  Specific  problems 
coin  I  ruing  new  types  of  maierials  or  application 
(jf  ngiloria.lj  hbouid  be  (iireeted  to  the  Materials 
Ci;iurai,  Directorate  of  Advanced  Systems  Tech¬ 
nology  Aeronaullc.al  Svstems  Divlnion  (formerly 
WADD). 


IHGH-  I'EMPERATURE  PROTECTION 

The  following  paragraphs  describe  methods 
iinu  ieciit)ic;uec  for  proUttiug  flight  vehicles  and 
tiicir a.ssociated equipment  from  Uie  degradatfve 
efU'cts  of  tiigli  lemporalures.  First,  tlic  selec¬ 
tion  of  m.'dcrials  and  components  capableof  with¬ 
standing  lugii  temperatures  is  discussed.  Then, 
pasHu  e  protection  tecliniques,  such  as  compart- 
mcniation,  use  of  insulation,  and  choice  and  lo¬ 
cation  of  cquipimcnt,  arc  cov'crcd.  Nczit,  a  dls  — 
(  ussion  i.s  giver,  of  i!ie  various  means  uf  lieat  re- 
muv.ql  a,rd  Uio  equipment  used  wiUi  each.  And 
finally,  tlie  different  cooling  systems  that  might 
I  u.sed  intligiit  vehicles  are  discussed,  togetlier 
wi.'i  tlio  aclviinthgc.s  and  disadvantages  of  each, 
:in;l  the  con.sicicralions  involved  In  selecting  one 
o(  UiC  hj'slems  for  a  particular  application. 


Tert’peroiu'e.  C 


!  ii',.  fi-l.  Relative  erosion  rales  lor  dlfler- 
f'ul  pl'istii  s  as  a  fijiulioi!  of  lemporature./l/ 


Seloctloi.  of  Materials 

Two  points  must  be  considered  when  choosing 
materials  for  hlgli-temperature  operation.  The 
first  Is  to  choose  a  material  wttli  a  low  specific 
heat  rating,  which  denotes  the  heat-absorbing 
quality  of  the  material.  Choose  the  material 
that  will  operate  coolest  In  a  given  temperature 
environment.  Tlio  second  Is  to  choose  materials 
that  will  still  have  the  needed  physical  properties 
at  the  anticipated  temperatures. 

PlasiicB/l/ 

Plastics  decompose  slowly,  and  In  doing  so 
they  aljsorb  large  amounts  of  heat  and  generate 
a  considerable  volume  of  gas  that  Interlci  ea  •.  iLn 
the  convective  transfer  of  heat  to  Uielr  auiiaco, 
Erosion  of  plastics  varies  markedly  with  tem¬ 
perature.  This  Is  shown  for  a  selected  group  of 
plastics  In  Fig.  5-1.  The  group  Includes  a  nylon- 
reinforced  phenolic  resin,  which  contains  no  In¬ 
organic  materials; two  glass  reinforced  phenolic 
resins,  with  one  rich  in  glass  and  the  other  rlch 
Ln  resin;  and  a  Refrasll-relnforced  phenolic  re¬ 
sin.  At  each  ot  three  temperatures,  the  best  ma¬ 
terial  Is  rated  "1"  on  the  graph,  and  tlio  others 
are  then  rated  according  to  their  relative  ero¬ 
sion  rates.  The  curves  indicate  relative  perfor¬ 
mance  of  each  material  compared  to  the  others 
at  a  particular  temperature.  Actually,  the  nylon- 
reinforced  material  does  not  erode  more  slowly 
as  the  temperature  Is  raised;  on  the  contrary, 
its  erosion  rate  at  7000  C  ic  gvealer  Uimx  ii.  was 
at  2000  C,  but  Is  less  than  tlio  others  at  7000  C. 

Pla.atic  Laminates 

Phenolic-formaldehyde  laminates  are  able  to 
withstand  temperatures  up  to  390  F  (200  C). 
These  phenollcB  are  always  reinforced  wltli  vari¬ 
ous  fibers,  such  as  glass,  silica,  nylon  or  asbes¬ 
tos.  The  fiber  reinforcement  aids  In  preventing 
catastrophic  failure  under  extremely  high  temp¬ 
eratures,  The  high -temperature  performance  of 
phenol  iCB  is  due  to  phenol -formaldehyde  conden- 
nalinn  nrnrlurts  decnmnoslng  more  slowly  al 
higher  temperatures  tlian  the  other  organic  pn- 
lymers,  Tlie  condensation  products  are  simple 
gases  and  a  refractory  carbon  residue.  Tlie  re¬ 
sidue  protects  the  underlying  material,  to  a  cer¬ 
tain  extent,  from  the  heat.  A  composite  laminate, 
consisting  of  alternate  laminations  of  asljestos- 
phenollcand  nylon-phenolic,  i^ows  possibilltic.s 
for  use  in  missile  nose  cones  under  reentry  con¬ 
ditions.  Figure  5-2  shows  the  tliermal  Insula¬ 
tion  characterlBllcs  of  Dils  laminate  In  compari¬ 
son  with  other  types  of  laminates.  The  curves 
were  obtained  by  embedding  a  thermocouple  In 
tlie  center  of  1/4-Inch  thick  sheets,  and  apply¬ 
ing  a  temper  iture  of  tliout  2300  F  (1260  C)  to 
the  surface  of  U'e  sheets. 

For  service  under  extremely  hlgli  tempera¬ 
tures  and  corrosive  action  due  to  flames,  modi¬ 
fications  with  styrene,  dlallyl  phthalate,  dlallyl 


Fif;.  5~2.  Tliermal  insulation  compajrlson  of  , . 
tiigii-tomperaluro  phenolic  lariiinatea./2/ 

isoiihUialate  ajid  triaUyl  cyanuratc  have  shown 
good  results  up  to  aljout  fiOUO  F  (2760  C). 

Several  plastic  laminate  materials  wi-Ji  the“ 
aliility  to  survive  icmperaturee  Irons  4600  to 
0000  F  (2500  to  3300  C)  lor  a  fraction  of  a  second 
are  in  product  ion  and  are  Intended  for  Short -time 
application  In  rtissiles  or  rockets. 


Conuiounds.  Fillers  and  Fibers  _ 

Few,  if  any,  of  Die  basic  resins  can  withstand  a 
lomperalure  Treater  than  480  F  (250  C).  With' 
some  niodlficatior.';,  temperature  .-cslstance  may 
go  up  to  alwut  G60  to  700  F  (350  to  375  C),  but  for 
higlier-ternpei  aturo  service,  suitable  loa'^lng  or 
reinforcement  willi  inorganics  is  essential. Tests 
of  '1  FF,-fl'jorocarbon  resin  witti  various  concen- 
t  ra!  i  ons  cl  Quartz,  mica  glass  anri  ashrsirm  flO. 
20,  3o,  ;uid4U  percent  of  welglil)  iiave  shown  thai 
a  20-percciit  glass-lilledTFE-fluorocarbonpro- 
vidos  an  oplirnum  combination  of  rcsUi  and  filler. 
Tliiswasdetermincd  in  a  test  tliat  simulated  the 
tlicriii.''J  cfl._cis  of  missile  reentry;  the  filled 
sampics  were  exiwised  to  2700  F  (1500  C)  for  a 
jieriod  uf  .fu  seconds, /3/ 


Ceramic  emapsulants  lor  use  from  about  -75 
to  2000  F  (-GO  to  1100  C)  can  be  applied  in  the 
same-  manner  as  most  conventional  encapsulants, 
Cei  amic  splicrcs,  either  hollow  or  solid,  bonded 
wiili  plieiiolic  resins  or  inorganic  binders  pro¬ 
vide  low-density  materials  lor  a  variety  of  appli- 
c  aliens,  including  1  iglit-weii'.h  I  potting  and  embed¬ 
ment.  A  family  of  such  low-density  moldablc 
compounds  is  rO|K)rttHl  to liave  given  satisfactory 
ser  vi(  c  lor  30  to  GO  sccoiid.s  at  temperatures  ex- 
(  ec  lim;  doon  1'  12200  C),  Ceramic  materials  for 
I  CiOi)  C)  operation  liavc  lienn  developed  for 
I  caiiii!  s,  <  (uneiits  to  Uind  insulating  surfaces  to 


metal  pai'ts,  ceranilc-base  sheet  Insulation,  re- 
fractory-typeflilers  and  castables  for  liermetlc 
construction,  and  encapsulating  couipounda  lor 
protecting  entire  units. 

Some  commercially  available  electrical  ma- 
terialr  that  are  able  to  withstand  high  tempera¬ 
tures,  together  with  suggested  applications,  are 
given  in  Tanle  5-1. /2/ 


Metals/4/ 

For  flight  vehicles,  the  ideal  metal  would  bn 
onewlth  a  high  melting  point,  excellent  strengUi 
and  ductility,  and  near  zero  densby.  Unfortunate¬ 
ly,  such  a  metal  does  not  exist.  The  next  best 
thing  is  to  modify  existing  metals  and  search  for 
new  ones  tnat  will  approach  the  dei,ir.;blc  ,.io- 
pertlcs.  Some  of  the  better  temperature  resis- 
taiit  ei'tsting  metals  are  listed  in  Table  5-2,  to¬ 
gether  with  the  source  Irom  which  data  can  be 
obtained  concerning  each  metal.  The  specific 
heat  ratings  of  these  metals  at  various  tempera¬ 
tures  are  given  In  Table  5-3, 

Aluminum 

Aluminum  Alloy  X2020T-6  contains  copper  and 
lithium.  Its  room-temperature  properties  are 
somewhat  hlgTter  than  those  of  7075  T-6,  which 
up  to  iiOw  has  been  the  strongest  standard  alumi¬ 
num  alloy.  Alloy  X  2020  has  superior  tensile 
properties  In  Ihc  lower  temperature  range;  up 
to  ^most  400  F  (205  C)  for  a  lOOO-hour  expo¬ 
sure.  For  shorter  exposure  times,  Its  superi¬ 
ority  is  extended  to  over  400  F. 


Table  6-1.  Commereially  Available 
High-Temperature  Matorlalo  /Z/ 


Material 

Application 

Evaluation 
tempera¬ 
ture  F  (C) 

Aliiminn  mScronDhares 

■ . ' 

Encapsulation 

050  (510) 

Reconstituted 
phlogoplte  mica 

Interlayer 

insulation 

8f0  (510) 

<a)  Glase  braid 
(b>  Ceramic 

Magnet  wire 
Insulation 

950  (510) 

(a)  Magnesia 

(b)  Boron  nitride 

(c)  Alumina 

Capacitor 

dlelectrlo 

950  (510) 

la)  Pyrocoram  glass 
ceramic 
(b)  Alumina 

Radomes 

1300  (704) 

(a)  Forsterlte 

(b)  Alumina 

Metal-ceramic 
electron  tube 
struclures 

750  (.399) 

Tin  dioxide  plus 
anllmon'’  exlde 

Resistor  film 

050  (510} 

5-3 


V'J 


V'. 

<2 


■  £1 

, .  :l. 

.  -V 


L". 

,  ij-i, 


•  ('V'  .  S  ' 


"v  <  '  i 

■•i-  I 

*;«_U  ■ 


, 

■  >>.  ' 

'■■■V'.y- 

.7  ,  I  il 


N-: 


4EU  tf';.  kiLw. 


T  ililf  ri-2.  Somt'  lipt'or  Tpirperaturc-Rosliitant 
Mclnifi  /4/ 


Melal 

Source 

K-Mnnel 

International  Nickel  Co. 

Iiiconrl 

Inlf  m.Hlonal  Nickel  Co. 

(nconc‘1  X 

International  Nickel  Co. 

StixinlcJiS  sicol , 
Tyi*!.' 

Jlepubllc  Steel  Com. 

Sinintciis  Steel, 
TyiH^  316 

Timken  Roller  Bearing  Co* 

.stainless  steel, 
l  yi>e  M'f 

Timken  Roller  Bearing  Co. 

SA  K  10  ’  0  mile 
steel 

United  States  Steel  Corp. 

Magnesium  alloy, 
Tyi'o  A>J-M-29 

Uow  Chemical  Co. 

Aki.Tiinum  rlloy, 
T>oc  2-J.S-T6 

Aluminum  Company  of  America 

Aliimitmtn  alloy, 
Ty|.c  73S-TG 

Aluminum  Company  of  America 

Alloy  X  2^19  T-6  was  developed  lor  high -tem¬ 
perature  service,  It  contains  copper,  manganese, 
and  small  amounts  of  vanadium  and  zirconium. 
This  alloy  la  best  In  the  range  of  400  to  600  F 
(205  to  315  C).  Although  primarily  a  forging  and 
extrusion  alloy,  It  can  be  rolled  Into  sheets  and 
plates.  Figure  5--3  sherws  the  strength-to-welght 
ratios  for  the  best  aluminum  alloys. 

A  significant  aluminum  development  Is  Uie 
sintered  aluminum  powder  (SAP)  type  of  pro¬ 
ducts,  which  use  aluminum  flakes  containing  var¬ 
ious  amounts  of  aluminum  oxide.  The  properties 
of  these  powder  products  vary  wiUi  particle  size 
and  volume  of  oxide.  In  general,  they  are  usable 
up  to  about  iOOO  F  (537  C).  One  such  composi¬ 
tion  is  M257.  The  creep  and  rupture  properties 
of  the  aluminum  powder  products  at  GOT  F  {^l*:  C) 
are  superior  to  conventional  aluminum  alloys. 

Magnesium.  Alloys  containing  thorium  have 
increaseStKe  usable  temperature  of  magnesium 
up  to  900  F  (482  C)  for  short-time,  lev; -stress 
applications.  Fig:ure  5-,3  shows  the  best  magne¬ 
sium  allovs  In  their  recommended,  temperature 
ranges.  Alloy  AZ-31,  the  standard  sheet  alloy, 
has  the  highest  room -temperature  properties, 


Table  5-3.  Spocllic  lloats*  of  Ten  Metals  /4/ 

Stain-  j  Stain-  j  Stain-  SAE  Magnesium  Aluminum  Aluminum 


pnra- 

turc  C  K-Moo(‘l  Inconel 


less  less  j  less  10)0  alloy,  alloy. 

Inconel  steel,  steel,  1  steel,  mild  Type  Type 

X  Typc301  Tyite 316]  Type 347  steel  AN-M-29  24S-T6 


0.OC5  0.0C4 
0,075  0,075 
n,034  0.085 
0,092  0.093 
0.099  0.100 
0,110  OJIO 
0.117  0.116 
0.122  0.120 


0.071  0.053  0.160 

0.081  0.069  C.182 

0.090  0.082  0.200 

0.098  0.093  0.216 

0.105  0.102  0.299 

0.110  0.115  -  0.248 

0.124  0.126  0.263 


0.124  0.126 

0.130  0.)34 


0,1  zc 

0.126 

0.124 

0,136 

. . J 

0.134 

1 - 

0.134 

— 

— 

— 

— 

— 

— 

0.123 

0.1. '10 

0.128 

0.159 

0.136 

0.138 

O.lll.H 

0.13.5 

0.133 

0.142 

0.139 

0.142 

o.K’r, 

0.1  11 

0.143 

0,145 

0.143 

0.146 

(i.iir, 

0.!.50 

O.KiC 

0.149 

0.148 

0.152 

0.153 

0.1 5C 

0.167 

0.152 

0.152 

C.156 

Si'i  I  ilic  lie  i;  givi  II  111  gram  calorics  per  gram  per  degree  C. 
-4 


0.274 

0.279~ 


alloy. 

Type 

75S-T6 


S'rer.glh- 


t 


TemperoturC,  F 


Fig.  5-3.  C:ipabilitles  of  aluminum  and 
magnesium  alioysfor  high- temperature 
applications.  Strength-density  ratio  is 
ultimate  stren(;th  psi  to  density  in  pounds 
per  cubic  Inch./ 4/ 


but  it  is  excec-Jc-u  Iri  iii^i-tenijjctatuic  propsr- 
tic.'.i  by  HK-3i  H-24  in  the  range  300  to  550  F 
(150  to  28;]  C);  and  by  HM-21  XA  T-8  above  550 
f.  Alloy  HM-21  is  exccptionsJly  stable  at  ele¬ 
vated  temperatures.  For  example,  exposure  for 
as  long  as  100  hours  to  700  F  (371  C)  has  very 
little  elf  eel  on  its  properties.  Its  cre^  proper¬ 
ties  at  400  F  (205  C)  and  aU.vc  are  better  than 
those  of  HK-3I. 

Thorium  .nclditions  also  extend  the  ten^erature 
r.mpefor  magnesium  castings.  EZ-33  Is  typical 
of  tlie  rare-earth-zirconium  alloys,  andHK-31  of 
the  Lhoriuni-zirconium  composites.  The  former 
lias  applications  in  tiie  350  to  550  F  <177  to  288 
range,  v  '  lie  the  aiioys  containing  iiiorium  are 
definitely  superior  abovo400  F  (205  C),  Magne¬ 
sium  alloys  work  out  well  (or  thin-walled  cam- 
ing.s,  U'.ill  Uiirknp.«bes  as  low  as  3/32-inch  are 
ii'c.v  approved  .'or  aircraft  use. 

Titanium.  Tlie  strengtli -to-denslly  ratio  of 
tiuaiiium  is  its  most  publicized  property.  In  this 
respect,  it  is  superior  to  many  metals  over  an 
intennedinle,  alLlu.ugh  wide,  temperature  range. 
I'igiiic  5 -4  gives  a  comparison  of  yield  strength- 
ta-deiisity  ratio  as  a  function  of  temperature  (or 
titanium,  l)CryUiuin  and  ferrous-base  alloys.  On 
tins  basis,  the  hot  work  die  steels  are  the  most 
ciimpetitivc  matCTliUs.  Uerylllum,  with  Its  low 
il'  iiMiy  v.iil  be  cotnpetilive  when  It  becomes 
av;>il:ible  in  greater  quantities.  The  top  curve 
in  I  ig.  5-4  represents  Uie  new  all -beta  titanium 
.'Moy.  It  hay  Die  fKitcnllai  of  being  heat  treated 
t  1  an  ultimate  tensile  slrengUi  Over  250,000 

I' d. 


Tlie  maximum  temperature  at  whleli  titanium 
can  be  used  appears  to  be  about  2000  F  (1093  C) 
for  very  short-time  exposure  and  1100  F  (593  C) 
for  long-time  exposure.  Creep  strength  is  not 
necessarily  the  limltlng  factor  at  high  tempera¬ 
tures.  Above  1100  F  (593  C),  titanium  absorbs 
oxygen  and  nitrogen  at  rates  sufficient  to  inter¬ 
fere  with  its  usefulness. 

Beryllium.  The  tliertnal  properties  of  beryl- 
llum,  with  a  melting  point  of  2343  F  (1280  C), 
make  it  highly  desirable  for  heat-sink  applica¬ 
tions.  Its  strength-to-welght  ratio  is  high;  few 
metals  can  approach  It.  A  unique  advantage  of 
berylHum  is  Its  great  stUI.,cr'-.,  with  a  mooulus 
ofelastlclty  exceedtngthatof  many  other  metals, 
Including  steeL- 

Desplte  its  advantages,  beryllium  Is  prec,i..;Uy 
utilized  in  limited,  l^t  important,  applicntlons 
because  of  liihcrent  undesirable  properties  as 
well  as  scarceness.  Joining  beryllium  to  Itself 
and  to  other  metals  presents  a  problem,  as  does 
the  entire  area  of  fabrication  when  It  is  compared 
to  the  more  common  structural  metals.  In  addi¬ 
tion,  beryllium  is  toxic,  and  specialized  equip- 
meiit  Is  required  when  working  with  It. 

Transparent  Solids.  Some  trp.nsparent  solids 
with  possible  high -temperature  applications  are 
listed  In  Table  5-4  togetlier  with  sources  Irom 
which  liJormatlon  concerning  them  may  be  ob- 
tahieu.  Tlie  Specific  heat  raiiiiKo  of  Uieee  cTMiiS- 

parent  solids  are  given  in  Table  5-5. 
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Fig.  5-4.  All-beta  titanium  alloy  compared 
with  beryllium  and  ferrous-base  materials 
on  a  strength-to-density  ba.«ii8  at  high  tem¬ 
peratures.  Strength-density  ratio  is  yield 
strength  In  1000  pal  to  density  In  pounds  per 
cubic  inch./ 4/ 


5-5 


1  Oi'ii'  5-4.  Sunf  TrMiSparenf.  Solids  /5/ 


I  M.nlcrlal 

Soured 

Clo?r  fused  silica 
(quartz) 

Ilanovla  Chemical  Co. 

Vycor 

Coming  dlaei)  Works 

While  (clear)  plate 
glass 

ntteburgh  Plato  GlaflO  Co. 

pyi  fx  cheni- 

Cincinnati  Gasket  and  Packing 

ical  glass  No. 

77-1 

Co. 

Solcx  ".S'  (Iialfc 
giaao 

PitielnirKh  Plate  Glitss  Co. 

.sol'-x  2riOS.X  plate 
gla.ip 

PUtshurgh  Plate  Glass  Co, 

Plexiglass , 
AN-r-‘l-lA. 
aircraft 
q'lality 

Rohm  .and  Ila.iB  Chemical  Co. 

MaRTiCtlc  Materials  /8/ 

The  curie  temperature  of  metallic  core  ma¬ 
terials  Is  relatively  hlRh,  and  for  the  preaenl 
silicon  steel  has  been  used  successfully  for  935 
F  (500  C)  operation.  For  higher  temperaturoB, 
It  may  be  necessary  to  Investlgale  cobalt-lror. 
alloys,  which  have  a  higher  curie  temperature 
andvery  desirable  magnetic  characteristics,  al¬ 
though  their  activation  characteristics  under  nu¬ 
clear  radiation  might  bo  prohibitive.  Nickel 
alloys  have  curie  temperatures  In  the  vicinity  of 
935  F  (500  C).  At  temperatures  above  935  F, 
grain  growth  In  the  material  Is  e^qiected,  which 
wlU  change  Its  magnetic,  properties.  Its  useful¬ 
ness  depends  upon  the  resulting  orient  ■•tlon  and 
size  of  grains,  and  the  application  for  which  it  is 
used,  Better  core  materials  sh  dd  bo  uuvei'>4ied 
for  operation  above  935  F. 

Ferrite  materials  are  available  over  a  range 
of  -240  to  480  F  (-150  to  250  C).  Nickel-zinc 
ferrites  with  additives  are  used  up  to  390  F  (200 
C),  and  It  may  be  possible  to  extend  the  operat¬ 
ing  temperature  to  480  F  (250  C).  Curves  indl- 


Talde  5-S.  Specific  Heals*  of  .Seven  TranBpar6nt_Sollclfl  /6/ 


- 1 

(C) 

Clear  fused 
silica  (quarl'/r) 

Vycor 

White  (clear) 
plate  glass 

Pyrox 
Typo  774 

Solax  "S" 
plate  glass 

Solex2808X 
plate  glass 

Plexiglass 

Type  AN-P-44A 

'I 

-200 

0.047 

0.041 

0.075 

0.045 

0.072 

0.071 

0.102 

-150 

0,081 

0.080 

0.102 

0,084 

0.101 

0.103 

0.174 

-100 

0.112 

0.114 

0.129 

0.117 

0.127 

0.130 

0.219 

-00 

O 

oc 

1 

0.142 

0.153 

0.145 

0,151 

0.155 

0.252 

0 

O.lGl 

1.166 

0.174 

0.170 

0.173 

0.176 

0.286 

.50 

— 

— 

— 

_ 

— 

0.340 

100 

0.199 

0.20'2 

0.210  -- 

0.208 

0.208  - 

0.210 

(..425 

200 

0.22G 

0.22) 

0.236 

0.235 

0.235 

0.234 

— 

300 

0.245 

0.240 

0.255 

0.255 

0.264 

0.251 

— 

400 

0.059 

0.201 

0.266 

0.271 

0.264 

0.262 

— 

.500 

0.2C9 

0.2C2 

0,270 

0.289 

0.268 

0.271 

— 

COO 

0.277 

0.277 

— 

— 

— 

— 

7(M) 

0.28C 

0.302 

— 

— 

— 

... 

— 

Hon 

0.299 

0.338 

— 

— 

— 

— 

ifii  111  :ii  (jivcii  111  grail)  calorieo  (wr  gram  per  degree  C. 


r.-G 


I  It  ini',  pornicahil  ity,  ma(pictlc  Q,  and  their  pro- 
Uuct,  yi  Q.i'iRO  linnarly  from  -240  to  480  F  (-ISO 
111  ^ru)  C)  for  pomo  roinpoRllloris,  wlille  for  otliere 
tin'  (.'urvos  tend  to  p'oik  around  390  F  (200  C). 
There  is  need  (or  additional  work  to  Improve  the 
eharaeloristics  of  ferrites  lor  practical  applica-  . 
t  tons. 

liieleiUlc  and  Insulatlns  MatorlrJs/O/  — 

l.cad  barium-tltanate  wlUi  additives  shows  — 
promiselor  use  as  a  dielectric  at  480  F  (250  C). 

It  cxti  iliita  a  25  to  50  percent  variation  In  dlelec-  _ 
trie  ( onstanl  over  tlic  temperature  range  of  -85 
to  480  F  (-65  to  250  C).  Silicon  monoxide  main- 
Inins  pood  dielectric  properties  up  to  390  F  (200 
(  ),  and  incLca'es  possible  future  operation  at 
573  F  (Juu  C). 

Teflon  may  bo  used  as  a  dielectric  up  to  390 
F  (200  C).  Us  temperature  capabilities  may  bo 
increased  by  operation  in  an  atmosphere  of  oxy¬ 
phil  or  nitropcn.  In  a  range  of  frequencies  from 
bOcpslolO^  cps,  llie  dielectric  constant  of  Tef¬ 
lon  IS  from  2.0  to  2.2  and  Uie  dissipation  factor 
is  less  tlian  0.0005. 

Films  of  zirconium  dioxide  formed  on  sub¬ 
strates  of  aluminum,  highly  polished  on  one  side 
for  tc.sl  purposes,  nave  been  investigated  as  a 
po.ssibie  dlelec'rlc  material  for  930  F  (500  C) 
operation.  Lead  zircorate-Utanate  with  an  addi¬ 
tive  also  appear^  feasible  (or  use  at  high  temp- 
craturcj.  Disks  of  this  material  have  been  held 
at  480  F'  (250  C'l  tsider  normal  atmospheres  with 
an  appliedtiuldof  OOvoUsper  mil  for  1000  hours 
w  itliiiut  excessive  deterioration. 

Various  forms  of  mica  afford  good  electrical 
insolation  properties  at  high  temperatures.  The 
best  gra'les  of  natural  muscovite  mica  bonded 
with  glass  will  wl*}islar>d  temperatures  from 
about  043  to  090  F  (340  to  370  C)  witiiout  dlslor- 
ti  Mi;  with  fluor-plilogopite  mica,  the  range  Is  790 
10095  F'(420lo480C).  Reconstituted  sheet  mica, 
ob.aiMCdby  iiinding  small  flakes  with  an  organic 
or  silicone  binder,  is  subject  to  temperature  llral- 
tations  of  both  the  binding  medium  and  the  type 
ot  mi., a.  Fine  particles  of  synetlietlc  mica  hot 
incssed  into  homogeneous  blocks  result  in  a 
d('ii.<;c,  ceramic-like  dielectric  materia!  that  is 
rod  and  inachir  li/le,  and  has  transverse  strengths 
iM'  OOCO  psi  at  temperatures  up  to  735  F  (390  C). 

(‘.s  ciclei  ti  iv.  constant  varies  a  little  wlUi  tem¬ 
pi  lal'.irc  for  most  compositions,  changing  less 
ili.in  five  percent  when  heated  to  735  F.  The 
P"'A0r  iaitur  remains  less  than  one  percent  up 
ill  5 3.5  F  ( 280  C) . 

f  I n  il'ieii'iit  ol  Expapi-ion  of  Materials 

WTi-ii  different  materials  are  used  together, 
tin-  (  oellicients  of  e.xiian.sion  must  be  known.  It 
j'Mn'd  inalerials  have  widely  different  cocffl- 
(i'  lils  oi  ewpansion,  buckling  or  rupturing  may 
lu  l  ur  as  Ihc  materials  pass  through  a  range  of 
K  ;  ipei  atures;  F  rom  Llic  InXormation  given  In 
5-6,  metals,  plasLlco,  v.jri.micB  and  na- 
t.n.il  inmiiators  with  simitai  coefficients  of  ex¬ 


pansion  can  bo  quickly  selected.  This  table  is 
useful  for  narrowing  the  choice  of  malcrlRls,  but 
more  specific  data  ^ouldbeobtalnedfroiii  manu¬ 
facturers. 


COMPONENTS  - 
Selection  of  Components 

The  problems  associated  with  operation  of 
components  at  high  ambient  temperatures  are 
basically  Uiose  of  obtaining  suitable  materials, 
and,  where  necessary,  finding  suitable  fabrica¬ 
tion  teclinlques  for  materials  that  may  be  unique 
for  the  application.  For  data  on  the  application 
of  existing  components  In  military  equipment, 
refer  to  reference  /8/.  The  following  information 
denis  with  the  feasibility  of  obtaining  componeuia 
for  500  C  (930  F)  operation.  /9/ 

Catmcltors.  Operation  of  capacitors  at  500  C 
(930  F)  at  present  appears  difficult,  particularly 
with  gas-dielectric  and  electrolytic  capacitors. 
All  present-day  electrolytes  boll  below  500  C, 
and  gaa-f  Hied  units  develop  l>ad  seals  and  become 
severely  unstable. 

Paper  or  plastic  dielectric  capacitors,  too, 
are  unsuitable  for  500  C  operation.  The  only 
present  day  clioleclrlcs  that  show  promise  are 
theceramic,  glass,  and  mica  types,  but  the  elec¬ 
trodes  still  present  a  problem.  IZlnc  and  alumi¬ 
num  arc  now  used  almost  exclusively.  Zinc  melts 
at  420  C (788  F)  and  aluminum  at  660  C  (1220  F), 
The  internal  temperature  of  a  c^acltor  In  a  500 
C  environment  would  probably  be  higher  than 
660  C  (1220  F). 

To  produce  capacitors  that  will  operate  at 
500  C  will  most  likely  require  the  use  of  ma¬ 
terials  not  previously  considered. 

Resistors.  As  wltii  other  components,  tlie 
operation  of  resistors  at  500  C  (930  F)  becomes 
primarily  a  materials  problem.  One  ol  the  more 
common  const  ruction  meUiods  suitable  for  500  C 
s’^’^licstion  is  ns  fcLlov/®!  csrsjiTiic  tul?0  is  metsi”- 
lized  in  a  band  at  each  end,  both  inside  and  out¬ 
side.  The  resistance  film,  coating,  or  cemposi- 
tion  Is  then  deposited  on  tlie  ceramic,  malting 
contact  with  tlie  bands.  Either  the  inside  or  out¬ 
side  ol  the  tube,  or  even  both  sides,  may  be  used 
depending  upon  the  resistance  value  and  wattage 
rating  desired.  Thefeaslbllity  of  this  type  of  re¬ 
sistor  has  been  demonstrated  using  a  special  for- 
sterlte  ceramic  form  with  titanium  end-caps. 
The  expansion  coefficients  of  these  materials 
are  almost  Identical  up  to  900  C  (1650  F). 

Variable  resistors  have  problems  identical 
w.lth  fixed  resistors,  m  addition  to  mechanical 
problems.  It  the  variable  resistors  are  to  be 
sealedfor  protection,  the  groat  problem  of  a  ro¬ 
tary  seal  at  high  temperatures  Is  also  ot  concern. 
The  upper  operating  temperature  of  presently 
avatlable  variable  resistors  is  200  C  (390  F), 
with  Investigations  under  way  to  extend  this  limit. 


Table  5- 

100  and  over 


0,  Coefficients  of  Linear  Expansion  In  Denuendlng 
Order  (In  Inch/lnch/dcKree  C  X  10'®)  /7/ 


Vinyl  acetate 
Vinylldine  ot-J'^rlde 
11  ry 

\'inyl  chloride,  flexible 
Polya’inyl  butyral 
rdythylcr... 

Celiuiooe  |iiijpiwriatG 

Cellulose  accLatc  butyrate 
Cellulose  acetate 
Nylon 

Polypropylene 
Vinyl  chloride,  rigid 


265  db25 
190 
182 

160  a90 


150  ±70 
140  ±35 
140  ±30 
140  ±30 

120  ±40 
IIS  ±35 
110 

110  ±60 
J09 


95  to  55  (continued) 
Vinyl  carbazole 
Polystyrene,  prefoatned 
Vinyl  formal 

Polymethy  a]pi>anhloroacrylate 

PolysuUlde-epcsy 

Epoxy,  flexible 

Lithium 

Olyceryl  p4iUu»lale 

Hard  Rubber,  mineral  flUed 

Casein,  molding 

Polychlurotrlfluoroetbylene  (Kel-  h) 
Epoxlea ,  unfilled 
SlUoonoa,  mineral  filled 


65  ±15 
65  ±10 
64 
62 


60  ±40 
60  ±4U 

56 

55 

55 

55  ±16 

56  ±10 
65  ±10 

54  ±4 


Cellulose  nitrate 

100  ±23 

45  to  25 

i 

95  to  55 

CeUuloae  acetates,  foamed  rigid 

45 

'  1 

Siyrcnc  copoiynie.  bleuvla 

95  ±35 

Phenol  formaldehyde  laminatea 

45  ±25 

i 

Chlorinated  polycthcr 

80 

Urethane,  prefoamed  rigid 

45  ±20 

1 

Polyester,  unlillcd 

80  ±20 

Wood,  across  fiber 

46  ±15 

■  t' 

1 

L'rtti.^0,  foamed-ln-placc 

80  ±10 

Pbenol-formaldehyde,  unfilled 

45  ±15 

Eti 

V- 

AU'  Ib,  caat 

75  ±25 

Vulcanised  fiber 

42 

,  t 

Il.ud  rubber,  unfilled 

75  ±5 

Melamine-formaldohyde,  cellulose 

42  ±2 

1 

flUed 

■  1 

r^Iy vinyl  alcohol 

70 

k] 

Me’hyl  methacrylate 

70  ±20 

Polyester  lamlnstes 

40  ±5 

'!ei 

' 

riu'iif)] i(  s ,  unfilled 

70  ±10 

Silicone  rubber  foamed -in -place 

40  ±5 

styrene ,  heat  resistant 

70  ±10 

Selenium 

37 

U 

iV'lv^^iyrmc,  unfilled 

70  ±10 

Micas 

37  ±10 

-  bi 

Modifit'd  aci’ylic  moldinj^ 

70  ±10 

Diallyl  phthalate,  mlnersl-UUed 

35 

P 

I  T'  fl'tn  Kiniinntt's 

65 

Polyester,  tlUed 

35  ±15 

N 

W  _%•  -  V  .  %  _S  -"*  .  n  _%  ^  ta.  »  - 


I'.ibir  5-6-  Coofficlentfl  of  linear  Expanalon  In  I><5Bcen(!iiig 
Order  (in  mch/inch/dogroo  C  X  10“®)  (continued) 


45  to  25  (continupd) 

24  to  10  (Continued) 

bl>oxy,  prrfoamcd 

34  ±5 

Gold 

14  *0.2 

rhcnolics,  asbCBtOB  filled 

33 

Nlchrome 

13.4  *0.3 

Steel 

13.3  ±1.8 

7dnc 

33 

Nickel 

12.8 

Indi  um 

33 

Thorium 

12 

Kpoxy  lanilmtc,  glasB-fllled 

30  il5 

Nickel  elloya 

12  ±1 

Fixixy,  slllca-fillcd 

30  ±10 

Palladium 

’  O 

Iron 

11.7 

lav'id 

28  ±1 

Beryllium 

11.5 

I’rcvi-formaldcliyde,  filled 

27 

Gray  cast  Iron 

11.2 

Magr.t'Siiim 

27 

Glass-bonded  mica 

10 

Ilcbber  phciiolics 

27  ±12 

Under  10 

?o)(lrr,  r.O/50  If  ad-tin 

25 

Soda-lime  glass 

9.2 

!'}ieiiol“forTna\dchvHn ,  filled 

25  ±15 

Lead  silicate  glass 

9 

Quartz  crystals 

9  ±4 

Melamine -formnldohydc  iamlnate 

25  ±10 

Alumina  cermets 

9  ±0.5 

24  to  10 

Platinum 

8.8 

Aluminum  and  "'loyB 

24  ±2 

Forsterite 

8J5 

23 

Tourmallre 

8.5  *0.8 

Ill  I'llyl  plitlmlnte ,  glafis-filled 

22 

Rhodium 

8.4 

'I' in  _ 

20 

Silicones,  glass-filled 

8 

7  i  lU*  .a  1 1  r»V  q 

20 

Alumina  reramlcs 

7  *0.3 

riiotpliijr  bronze 

18.9 

JrlUJum 

6.8 

Si  Ivt  1  — 

18.5  ±0.4 

.  stoatlle  _ 

6.6  ±0.6 

(“iippe  r  al  loys 

18  ±1.5 

Tanlalum 

6.5 

Capper 

17  ±0.4 

Osmium 

6.1 

CaluiU 

15 

Wood,  parallel  to  fllmr 

6  *3.5 

.  \’lanun''‘-foriuald<'hyd«',  filled 

15 

Zirconium 

5.5 

in  i.'vl  [Uutial.itc,  fibcr-li’.led 

15 

Germanium 

5.5  *0.5 

SI  uiib  ss  sti-ol 

14 

Silicon 

5  *2.2 

Silu'nno 


14  :t5 


silicon  carfaldu 


4.3 


T;ilile  S-c.  Cot  ffleleins  of  Linear  Exi>;in8lon  In  Doscentllng 
OrdiM'  (In  Inrh/iiit-h/flegrot)  C  X  10  ®)  /7/  (contlnuocl) 


1"hIi 

1  )()  (I'onllndO'l) 

Unclor  10  (continued)  "] 

Mclylidi-'iium 

- 

4 

Invar  ~ 

0.8  1 

Tiiiit;.^lt'Ji 

4 

Silica  glass  _ 

0.07 

(.'r)!\!ii'ii  Ic 

3.7 

Fused  quartz 

0.68 

]'’'iivfl.iin 

S..")  iO.5 

Opaque  (used  silica 

0.86  ±0,03 

Jlrroii  i-.'irbidc 

- 

3.1  _ 

Vitreous  silica^ 

0.5 

Cat'l.ioM 

3 

clear  fused  silica 

0.49 

\  for  piaslics  arc  ^cnerc’.ly  approxiioite,  obtained  by  ASTM  test  method  D696,  and  are  apnllr.ahle  over 

a  tcmiKjraturc  range  of  -22  to  1 8C  F  (-30  to  ♦30C);_for  higher  temperatures,  more  detailed  data  ahonlu  r*" 
obtained  from  nianufactu ' ers  since  the  coefficients  chaiare  ahniolly  for  some  plnsticR  at  a  eerlnin  temper- 
aiurc.  Values  for  oilier  materials  generally  apply  over  the  entire  range  from  room  temperature  up  to  al 
least  7.'i0F  (lOOC),  and  much  higher  for  most  metals.  Whenever  coefficients  vary  with  formulation  or  purity 
of  a  material,  the  average  value  is  given,  iollowod  by  a  value  Indicating  the  range  of  variation  above  anil 
below  this  value  that  can  be  ex|H’Cled  with  commercial  materlala. 


Wire  nnd  Cable.  To  date,  copper  is  still  con^ _ 

.sidercti  to  be  the  general-purpose  conducting  ma- 
tei'ial  at  500  C  (930  F),  /9/  Because  o(  its  in-^ 
lifrcnt  property  of  progressive  oxidation,  how¬ 
ever,  U  cannot  be  used  unless  provisions  are 
inat’ofor  protection  against  oxidation.  The  most " 
lihcJy  iiigiroach  to  Uiis  protection  is  to  exclude 
i!ic  riLiii'jspi"?!  by  Sul  iOuiiuin^  uic  copper  wltii 
a  tnaterir-l  impervious  to  oxidation  darnage.  If 
tliis  material  is  applied  in  a  sufficiently  tliln 
layer,  the  conductivity  of  the  entire  conductor 
is  not  ni'icti  less  tiian  the  conductivity  of  an  equiv¬ 
alent  unclad  copper  conductor. 

In  gei'.eraJ.,  ll.c  use  of  aluminum  as  a  conductor 
material  at  j09  C  ia  liiiiited  by  the  fact  that  It 
has  a  relatively  low  melting  point,  and  operation 
near  the  molting  point  would  undoubtedly  result 
ill  a  degradation  of  its  mechanical  properties. 
*Ii;.-crU:cless,  some  special-purpose,  higli-tem- 
perature  applications  of  aluminum  conductors 
are  anticipated. 

O.ner  materials  with  relatively  good  rnn.-hir- 
livity  that  iiiighl  be  considered  for  conductor  ap - 
plicaiion.s  at  high  temperatures  are  silver,  gold, 
magne.sium,  .nolybdenuin  imd  tungsten. 

Bo'.li  aoid  and  silver  have  good  electrical  con- 
vlurtiviiv,  as  well  as  excellent  corrosion-  and 
n\i da!  ion -resistance  properties  at  elevated  tem- 
(■''l  atures.  Howt  '-ci,  unsalisfrctory  mechanical 
I'roiiertics,  high  cost  and  procurement  dilficul- 
IiCj  will  piobalilyliniitilieusoof  gold  and  silver. 

Magnesium  has  fair  electrical  conductivity 
and  gi'id  eoi  rosion-i c'sistance  properties;  but, 
like  aluminum,  it  has  a  relatively  low  melting 
r  'liit  wliirh  may  priiliilfit  its  use  at  500  C, 

M  'lyi'di'miin  and  tungsten  have  only  about  one- 
'liird  il.e  ( niidiu  tivity  of  copper,  fair  oxidation- 


resistance  cJiai'acterlstlcB.  and  poor  workability. 
However,  due  to  their  liigh  melting  points,  they 
have  been  used  In  special  hlgh-temperature  ap- 

fillcations.  The  oxidation  characteristics  of  mo- 
ybdenum  can  be  improved  by  using  a  sUlconised 
coating.  With  this  technique,  molylxier.um  can  be 
protected  agahist  oxidation  In  air  vip  to  980  C 
’1800  F). 

Someof  the  more  Important  hlgh-temperature 
characteristics  of  various  conductor  materials 
are  listed  In  Table  5-7. 

Erectromechantcal  Components.  Eiectro- 
tiitxjiaMlcal  components  Include  restricted  mo¬ 
tion  components  (relays,  solenoids,  switches 
etc.)  and  rotary  motion  components  (motors, 
generrtors,  synchros,  etc.)  The  spring  action 
ot  restricted  motion  components  Is  greatly  ham¬ 
pered  ;.t  temperatures  ol  500  C  (930  F),  and  lu¬ 
bricants  become  a  formidable  problem  in  the  ro¬ 
tary  motion  units  at  that  temperature.  In  boUi 

t\mOQ  rt*  rnmnononto  Q»»r»lniT  of  C*  rckrl>ir>aa 

’Jt —  p.,.--.- f  V  .  .....I..  ^ 

contact,  brush,  commutator,  and  siip-iTng  life. 
It  appears  that  a  complete  re-evaluatlon  of  ma¬ 
terials  and  methods  is  necessary  lor  the  de¬ 
velopment  of  electromechanical  components  for 
500  C  operation. 

Printed  Wiring  and  Terminal  Boards.  Suit¬ 
able  materials  toF  use  as  baseiTlor  printed 
wiring  or  as  terminal  boards  at  500  C  (930  F) 
are  available.  Both  'Supramica  500"  and "Mi- 
caramlr"are  adequate  for  this  purpose.  Many 
ceramic  materials  are  also  useful.  Silver  con¬ 
ductor  strips,  etched  or  plated  on  the  Ixiards 
with  binding  posts  of  platinum,  magnesium  sil¬ 
ver,  or  some  oUicr  mechanically  stronger  ma¬ 
terials,  should  be  considered.  The  rneial  and 
ceramic  combinations  must  match  e.ap.onsion  co¬ 
efficients  as  closely  as  possible. 


T  aljlr  r>-7.  High- Tcmpt»raturc  Chai acterisllcs  of  Conductor  MatcrialB  /9/ 


. 

Volume  rntlo* 

Weight  ratio** 

Commonta  on 

Moll  (rg 

Rcplstlvlly 

Reslstlvlly 

matoi'lal  at 

material  at 

operation 

f)oint 

lit  r.oo  C 

ratio 

500  C/coppor 

500  C/copper 

at  500  C 

0(K) 

(10~^  ohni-cm) 

500  C/20  C 

at  500  C 

at  500  C 

ambient 

;^i  Ivor 

1 

i'l.'J.i 

(17r,0.9) 

4.1 

2.52 

0.8i 

0.96 

ESultoblo;  more 
costly  and 
heavier  than 
copper. 

Aluiiuiui  m 

cr.o 

10 

3.82 

1.96 

0.6 

Temperature 

(1220) 

rise  In  appara¬ 
tus  is  critical. 

Akjniirj-*  - 

t.r*o 

6.3 

3.1 

1.23 

1.20 

Meltlr"  oolr.t  of 

clan  copper 

(1220) 

aluminum  1l  i 

limited. 

D/U 

6.8 

2.96 

1.33 

1.63 

Easily  braced; 

ncsiuni 

(1771  ) 

ductile  before 

tU('kcl 

heating. 

27  '  nickul- 

I0H3 

7.9 

3. 35 

1.55 

1.55 

Permanent 

end  coppe  r 

(IflHl) 

change  In 
resistance. 

Coi'i't'r 

losn 

5.1 

2.90 

1 

1 

Must  bo  pro- 

(lOUl) 

tected  ngalnet 
oxidation. 

M.u;ncsluin 

OF  11 

13.8 

3.0 

2.72 

0.53 

Good  corrosion 

(1202) 

_ 

resistance. 

1.10M 

1003 

G.G2 

2.71 

1.3 

2.82 

Costly;  may 

(l'Ji3.4) 

have  limited 

application. 

rliiliiiiim 

1773 

19.1 

2,9 

5,7 

_  13.7 

Suitable  for 

('  .21) 

contacts  and 
binding  posts. 

31.3 

2.9 

6,15 

0.4 

Soft;  corrosion 

(2829) 

resistant. 

!  'Klli'-lCll 

3370 

ie.5 

3.4 

3.53 

7.46 

Good  arc  and 

(r.098) 

-- 

pitting 

resistant 

■2!j20 

15.H 

2-77 

3.1 

-  3.56 

Oxidizes  at 

(ITl-i) 

elevated 

temperatures. 

111 

1720 

70 

l.O 

14.9 

7.50 

Ceramic-  and 

(3137) 

glass -to-metal 
seals. 

\;rl  .  1 

1  J.ir. 

7«.n 

10 

15.3 

15.1 

Useful  as  elec- 

1 

(2051) 

trode  or 
cladding 
material. 

*  \  <’iu!m'.s  |HT  \)nit  !•  n}:th  yifltlitij;  tlic  same  t-lcclrlcal  proportloB, 
|,ri-  tinit  yioldnij;  Ihc  same  electrical  prQ|>ertieB. 


TKMl’K ItATUJlE  CONTROL  OF  FLIGHT 
VKIIICLLS 


The  primary  objective  of  temperature  pro¬ 
tection  is  to  prevent  excessive  temperature 
rise  on  anJ  within  the  vehicle.  When  heat_ 
buildup  Is  kept  down  to  a  practical  ndnlmum 
the  :ceRs  heat  is  then  removed  by  removal 
systems  which  may  be  cither  of  the  passive  or 
active  type.  Passive  systems  make  use  of 
natural  heat  sinks,  while  active  systems  use 
apparatus  such  as  heat  pumps  or  refrlgeratiott— 
units  to  create  artificial  heat  sinks. 


Metho d s_o f  Temperature  Control  for  Atmospheric 

Vehicles  •''ToT" 

Application  of  aerodynamic  design,  especial¬ 
ly  of  Uie  nose,  airfoil,  and  control  sections,  will 
reduce  the  temperature  of  the  vehicle  skin.  A 
blunt  or  rounded  no8c>d  vehicle  or  atrfoU  will 
build  up  lower  stiLgiiation  temperatures  than  sharp 
nosed  vehicles  or  airfoils,  particularly  at  super¬ 
sonic  fligtit  speeds. 

ricyondLlic  atmosphere,  the  primary  source  of 
exloriial  heal  Is  r.c'ar  radiation,  which  may  be 
kepi  to  a  minimum  with  suitable  reflective  skin 
coatings. 

WiUiin  tl.e  vehicle,  temperatures  can  be  kept 
to  a  miniriiuni  by  compartiiientaiiouj  insulation, 
intorcompartnicnt  and  intrawaii  airflow,  and  the 
choice  and  location  of  components,  subasseiu- 
blies,  and  cinilpmcnts. 

Coniiiarlmcnlation.  If  the  Interior  of  the  ve- 
hiclo  is  one  Iprge  open  space,  the  heat  from  hot 
cqumment  willliow  toward  cooler  equipment  and 
overheat  them.  By  dividing  Uie  Intci  lor  ot  Uie 
veliuTe  into  compartments  and  properly  locat- 
inf>:  hiral-gci.vraiing  equipment.  It  Is  possible  to 
direct  the  heat  to  Uie  skin,  where  It  may  be  dis¬ 
sipated,  provided  that  ttie  skin  Is  not  at  a  higher 
temperature  than  tiie  equipment,  which  may  be 
UiC  ca.se  for  very  lilgh -speed  flight. 


to  rompai : merits  (bes  not  automatically  solve 
tlie  hea'- buildup  problem.  The  temperature  may 
still  rise  in  the  cooler  compaitments  because  of 
eondiK'tion  llir^rugi'  tlic  walls.  This  may  be  re- 
due"<l  by  insula' ing  tlie  wails  to  reduce  conduc¬ 
tion,  luicl/'"'  reducing  tlie  temperature  differen¬ 
tial  across  tlic  individual  portions  of  Uie  wails 
by  ttie  use  of  Intcrcompartment  or  intrawaii  air 

flo'A  . 


Insulation  of  Compartment  Walls.  In  order 
toi'flci  tivciy  reduce  ttie  heat  transfer  to  a  com¬ 
partment,  tl,e  amcxiiit  and  placement  of  thermal 
Insulation  becomes  important.  Just  an  airspace 
in  a  hollow  wiUl  lia.s  good  insulating  qualities, 
but  ttieuse  of  insulating  material  is  better.  The 
tlii'.kcr  tlie  material,  tlic  better  the  Insulation, 
but  Ute  greater  the  weig.lit. 


considerable  "portion  of  the  thermal  load  of  a 
compartment.  Where  appreciable  temperature 
gradients  exist  over  large  ureas,  such  as  be¬ 
tween  the  beiUy  skin  and  the  compartment  floor, 
theuseofalunilnumfoU-backiJisiilatlon  will  sub¬ 
stantially  reduce  the  Interchange  of  radiant 
eneray. 

In  practice,  Uie  effect'.vnnesB  of  Insulation  is 
reduced  somewhat  by  moisture  absorption  and 
compacting.  To  account  lor  this.  It  is  conven¬ 
tional  to  assume  the  effective  thickness  of  the 
Insulation  to  be  somewhat  less  than  actual. 

The  effects  of  insulation  on  the  total  thermal 
load  of  a  compartment  are  illustrateci  by  evalu¬ 
ating  a  production  aircraft  with  Bcvernj  dilfercnt 
amounts  of  compartment  insulation.  Table  5-8 
shows  that  the  total  heat  transfer  Ihiouiij.  tlie 
walls,  Qw,  Is  reduced  about  40  percent  by  com¬ 
pletely  Insulating  the  compartment  walls  with 
1/2-lnch  of  Fiberglas.  It  Is  reduced  another  24 
percent  by  doubling  the  thickness  of  Uie  Insula¬ 
tion. 

Intcrcompartment  and  Intrawaii  Air  Flow. 
The  uso  of  iiitercompartmcnl  and  Inlrawall^air 
flow  Ls  very  effective  for  rapid  heat  removal. 
Inter  compartment  heat  removtil  Is  accomplished 
by  discharging  cooling  air  Into  adjacent  compart¬ 
ments  to  reduce  heat  transfer  through  common 
walls.  Table  5-9  show.s  the  effectiveness  of  In- 
tercompartment  air  flow. 


Table  S-S.  ReAiction  la  Wall  Load  for  Production 
Aircraft  With  Varying  Degrees  of  Iiieuiatlon  /lO/ 


Amount  of  InBulation 

Standard  liiBulaUon  -  1/2  inch 
of  Fiberglas  over  25%  of 
compartment  area, 

1/2  Inch  of  Fiberglas  overall, 

1  Inch  of  F'lberglas  o'verall. 


Heat  flow,  Qw 
(Btu/hr) 

35,200 


20,070 


Table  5-9.  Effect  of  Intcrcompa»tmcnt  Atr  Flow 
on  Compartment  Floor  Heat  Tranafor  /lO/ 


Condition 

No  Intercompai-linonl  air  liow;  belly 
skin  and  floor  uninsulated. 


Heat  flow,Q 
(BtuAr) 


No  Intercomparlment  air  flow;  belly 
skin  Insulated  only. 

lutercomiiartment  air  flow;  liolly 
skin  and  floor  uninsulated. 


The  rniisfjivity  of  tiic  iriRulallng  material  is 
:i1mi  .i;i;;iii[i(_ :uit,  .'.iiu'c  radiation  can  cotitrlliutc  a 


Inlercompartment  air  flow;  belly 
akin  Insulated  only. 


1,785 


The  lieat'flow  rate  (rom  one  compartment  to 
itie  iK-xl  caji  often  be  further  reduced  by  dis- 
f'liarcinttliie coolins  air  UirouRh  IntrawaU  ducts, 

A  view  of  a  fif  ctlon  of  fntrawsill  duct  Is  shown  In 
I  !(:•  5-5.  Air  from  tlie  compartment  enters  the 
duct  at  A,  flows  through  the  duet,  and  la  dis¬ 
charged  at  D.  As  the  air  flows  along  the  duct,  It 
prevent  heat  transmission  froni  tlie  outer  w^l, 
v.iUi  ttic  obJccL  irelng  to  reduce  the  temperature 
of  tlie  inner  wall.  Because  of  the  difllculties  tn 
equali/.lngflow  through  the  ducts,  as  well  as  the 
need  for  leakage  control,  the  IntrawaU  system  ts 
considered apractical  possibility  only  for  small 
con.partmcnts  In  high -speed  vehicles  for  which 
efficient uce of  the  available  cooling  is  very  Im- 
P')rtant . 

Cl'.olce  „r.d  Lo-jation  of  Equipment 

Ttio  amount  of  heat  generated  by  equipment 
tan  be  markodly  influenced  by  Uie  choice  of  com¬ 
ponents,  while  the  location  ol  the  equipment  can  - 
determine  Uie  problems  that  result  from  gen¬ 
erated  licat.  Every  item  should  be  studied  from 
two  viewpointa;  (1)  can  a  substitute  be  found  that 
will  gcner.ate  less  heat?  or  (2)  cantheitembe 
located  so  that  heat  from  It  v/Ltl  not  be  dl»-ectcd 
to  other  items  ? 

Some  components  produce  less  heat  than 
otlicrs  and  s!;ould  be  used  where  heat  buildup  is 
a  problem.  For  example,  transistors  generate 
less  heat  than  eb'ci  ron  tutiee,  fluorescent  istnps 
produce  less  heat  tlian  incandescent  lamps,  and 
rotating  power-pupply  components  produce  less 
heat  (har.  electronic  typos.  It  should  bo  noted,  „ 
luiwcvcr,  ttiat  replacing  a  component  with  an- 
ottier  Uiat  gcncrnles  less  heat  It)  not  always  le- 
a.sible,  since  it  Ir-  (yissiblc  that  the  replacement 
comnonciilhasalower  maximum  0()cratlng  tern- 
perntiirc  and  would  not  perform  satisfactorily  at 
die  particular  .irblent  teniporature. 

In  certain  applications,  it  may  be  possible  to 
.si'h’Siltulc pneumatic  or  hydraulic  equlp.-nent  lor  — 
electrical  eauipmont.  Such  a  substitution  Is  like¬ 
ly  to  be  dictated  by  syalcma  consideration  as 
well  as  by  environmental  consideration. 


Fig.  5-5.  IntrawaU  duct  system./lO/ 


space  vehicles.-  However,  methods  tliat  sri;;loy 
natural  convection  will  be  Ineffective  unless  an 
artificial  gravity  environment  Is  created.  Even 
then,  the  strength  of  natural  convection  wUl  de- 
penef  upon  the  gravity-force  system. 

Ii  a  cooling  system  that  depends  upon  liquid 
and  vapor  phases  Is  used,  such  as  a  refrigera¬ 
tion  unit,  special  care  wlU  have  to  taken  to 
separate  the  vapor  bubbles  from  the  liquid,  since 
the  bubbles  will  not  rise  without  the  Influence  of 
gravity.  Likewise,  U  a  closed,  pressurlzed-ll- 
quid  circulating  system  is  used,  care  would  be 
required  to  ollmlriate  all  gas  pockets  from  the 
system  so  that  th(  pump  will  not  become  vpp^r 
locked.  Heat  removal  systems  are  dlscue'ed  In 
later  paragrapl^B. 


HEAT  REMOVi^ 

In  spite  of  passive  temperature  protect  on 
methods,  the  complexity  of  present-day  vehlci 's 
is  such  that  heat  will  still  build  up  In  the  oquii 
montto  interfere  with  satisfactory  pcriormanc 
and  life.  This  heat  must  be  removed  by  some 
means  at  the  same  rate  at  which  it  Is  generated. 
Heat  removal  la  a  process  of  transmitting  heat 
from  a  heat  source  to  a  heat  sink. 


To  prevent  excessive  temperatures  at  any  lo¬ 
cation,  ttie  placement  of  one  equipment  wlUi  re¬ 
spect  to  aiiollicr,  as  well  as  the  placement  of  sub- 
assemblics  wiuiin  in  equipment,  should  be  care¬ 
fully  consiiiered.  Equipment  with  higli  heal  out¬ 
put  sliould  lie  located  as  far  as  possible  from 
cooler  units.  Heat  shields  sliould  be  used  be- 
Iw  ecr  hot  and  c<K)icr  units,  and  conduction  paths 
to  Uie  tieat  sink  tor  high-heat  units  should  be  as 
short  .iiid direct  as posallde.  Also,  lieal-produc- 
ini:  equiiimc'iil.s  sliould  not  t>e  bunched,  onlcBs  a 
forced  co'ivection  tieat-renioval  system  Is  used, 
in  V  Inch  (  a-scbuiiclilng  iniglilbo  hl^ily  dcslrat^lc. 

M'  Mindc  of  Temperature  Control  for  Space  Ve- 

I ,  ;  ■ 


Thcrinat  Systems 

A  complete  thermal  system  involves  the  ob¬ 
ject  from  which  heat  iB  removed,  a  transmission 
medium  to  carry  the  heal,  and  a  heat  sink  to  re¬ 
ceive  the  heat.  Actually,  thermal  systems  are 
seldom  that  simple.  Usu^ly,  intermediate  sinks 
are  required,  along  with  combinations  of  tlie  three 
modes  of  heat  transmission.  These  tiiree  modes 
of  heal  transmission  are;  conduction,  convection, 
and  radiation. 

Conductive  Heat  Transfer.  Heat  is  transfer¬ 
red  by^coimuHTorTTrom^^e  object  to  another 
wlicn  tJiey  are  in  direct  mechanical  contact  wiUi 
each  oLhor. 


Mod  of  Uic  pufi.sive  methods  of  temperature 
ti.l  pi  cviously  described  for  atmospheric  ve- 
iiii  li  ii  iipply  .'ilso  to  the  In.slde  of  pressurized 


Convective  Heat  Transfer.  Tlie  process  of 
heat  transfer  fronTUio  surface  of  a  solid  to  mov¬ 
ing  masses  of  fluids,  either  gasoous  or  liquid. 


(■oiistilu!.i's  c  oMvc-ctlon.  'I'hlsmodc  of  heat  trann-” 
fi'i-  is  al^nit  inaiiily  tlirough  circulation 

of  U'  ■  (Inifl.  Wlif'ii  L'.o  circulation  la  caused  only 
hy  cfJ.'orcnces  in  density,  tlie  process  Is  called 
natural  or  free  convection.  Wlien  the  clrcula- 
tiott  is  forced  mechanically  by  blov;ers,  pumps, 
etc.,  It  1.S  ciillcd  forced  convection, 

R.iiliant  Heat  J  ransfer.  ObJeetB  emit  thermrd 
radiation  ranpinR  in  wavelength  from  tlic  long  In- 
frarcJ  to  tlie  short  ultraviolet.  Radiation  from 
an  oljjct  lean  travel  through  a  vacuum  or  through 
gases  wiUi  relatively  litUe  absorption.  tVlicn  ra¬ 
diation  is  intercepted  by  another  object,  part  of 
it  may  Iw  absorbed  as  tlicrmal  ener^  ,  part  of 
it  may  lx,'  rcflccto<l,  and  part  of  it  will  be  rera- 
(lialed. 

Conduction  Cooling 

For  conduction  cooling  to  l>c  effective,  high- 
conductivity  nialcritils  must  be  used.  Thermal 
condui  t  ivit)  of  metals  is  generally  directly  pro¬ 
portional  (o  electrical  eondjcUvity.  Table  5-10 
gives  the  relative  iliermaJ  conductivity  of  var¬ 
ious  materials.  Wlicn  employing  conduct  Ion  cool¬ 
ing,  good  rnelal-to-rnctal  bonds  are  important. 


Thermal  contact  reBlBtaiite Should  be  minimized 
by  soldering,  brazing  or  welding.  If  pressure 
Joints  arc  used,  special  care  to  Insure  light  Ills 
is  required.  Also  the  conduction  patli  should  be 
kept  as  short  as  possible. 

An  example  of  heat  removal  by  conduction  Is 
the  method  used  to  cool  electron  tubes.  Metal 
tube  shields  placed  around  the  tubes  provide  a 
conduction  path  fixim  Uie  tubes  to  tl>e  chassis. 
The  chassis.  In  turn,  conducts  tlie  heat  to  a  struc¬ 
tural  member  of  the  equipment  from  which  It  can 
be  dissipated  by  conduction,  convection,  or  ra¬ 
diation,  or  a  combination  of  these.  Conduction 
from  equipment  structural  members  to  the  air¬ 
frame  is  generally  unfeasible  since  it  '.equlreB 
direct  contact  between  highly  conductive  ma¬ 
terials,  In  addition,  it  Is  difficult  to  i.r.r  con'*'-.'-- 
tlon  if  the  equipment  Is  shock  mounted,  uiuoiis  a 
conductive  material,  or  convection  or  radiation. 
Is  used  to  provide  a  path  ''around"  the  shock 
mouTits. 


l  .-ibli'  5  -10.  Itcl.'Ulvc  Thermal  Conductivity  of  Various 
Maiurii'l",  at  Ai>pioxiniaiely  100  F  (G5  C)  /12/ 


Thermal  conductivity 
(,i)ru/hr/it  /ueg  F/fi) 


Silvci  (iiif'f't  conductive) 

Coppi'T 


Aluruiiium  ;  .irc) 
Aluminum ,  OO.S 
M.'ignf'.iiurn 

Hir.h-bcrvUla  ceramlcH 


Hell  lira.sH 


Yf.'l  !uw  hi  a.sa 
lU  jylliuiii  coj'iMT 


I’lji  (■  iron 


I'ho'  phor  hi  oii/a‘ 

Cj.fl  .il/'cl 


38.7  to  88.7 


Little  or  no  reliance  is  placed  on  natural  con¬ 
vection  for  removing  heal  from  equipment.  The 
high  heat  loads  In  confined  spaces  require  the 
use  of  forced  convection  to  keep  cqu^ment  tem¬ 
peratures  within  acceptable  limits.  Forced  con¬ 
vection  transfers  heat  from  an  object  at  a  much 
faster  rate  than  possible  with  free  or  natural  con¬ 
vection. 

When  a  fluid  moves  along  a  solid  surface, 
the  drag  caused  by  the  surface  makes  the  fluid 
Velocity  zero  at  the  surface  of  tlie  solid.  With 
Increasing  distance  from  the  surface,  the  velo¬ 
city  Increases  as  a  second  power  function  of  vis¬ 
cosity  and  distance  until  a  free-stream  velocity 
Is  reached,  as  shown  In  Fig.  5-6,  In  laminar  or 
smooth  flow,  the  fluid  can  be  thought  of  as  mov¬ 
ing  In  layers,  each  moving  faster  Ilian  Uio  one 
under  It,  and  slipping  on  each  oilier.  Heal  from 
tlie  surface  must  pass  by  conduction  through  these 

lavery  nf  slnwlv  rnnylnv  fluid  before  it  can  be 

carried  away  by  the  rapidly  moving  fluid. 

II  the  free  stream  velocity  Is  increased,  as  by 
a  blower,  a  critical  velocity  is  reached  at  which 
llic  layers  are  broken  up.  The  fluid  particles 
then  move  In  swirls  and  eddies,  and  tlie  local  ve¬ 
locity  Is  Irregular.  This  Is  called  turbulent  flow. 


Ilipl  stCL-l 


Direction  of  Flow  I 


Boundory 

rrr7-rr7-> 


BulK  of  Fluid 


Boundory  Loyer 


P’lg.  5-6.'  Fluid  velocity  proflleyi2/ 


oclecticn  of  Blo’^ors/ 13/ 

niowr-rs  used  stfi  a  source  of  air  inrXton  for 
rt  niovliiK  heat  from  equipment  fall  Into  two  gen¬ 
eral  caiegorlos;  (1)  Internal  devices  in  closed 
equipment  (pressurized  and/or  sealed)  produc¬ 
ing  circulating  air  flow  over  the  components, 
andl?l  devices  supplying  erternal  air  for  the  dis¬ 
sipation  d  heat  by  forced  convection  from  U»e 
ultlziiate  heat-transfer  surfaces  of  the  equipment. 
Internal  devices  of  the  first  category  are  used  to 
ostabllsli  uniform  thermal  conditions  within  the 
equipment.  They  aid  In  tlie  transfer  of  heat  from 
components  to  case  surfaces  of  the  equipment  or 
to  otiier  heat  exchange  surfaces,  which  are  uti¬ 
lized  for  external  heat  dissipation.  The  devices 
of  the  second  category  are  used  with  open  or 
closed  ^>quipmer.l.  In  the  case  of  open  equipment, 
tljcy  may  produce  air  flow  directly  over  the  sur¬ 
face  oi  components,  or,  for  closed  equipment, 
Uicy  may  supply  air  to  external  heat  dissipating 
surfaces,  such  as  the  case  surface  proper,  or  to 
extended  surfaces  forming  a  case  envelope  or 
separate  heat  exctianger. 

In  chocjsing  a  blower  for  internal  air  circula¬ 
tion  in  pressurized  or  closed  vented  equipment, 
the  selcctloi.  is  affected  principally  by  the  pres¬ 
sure  level  within  Uie  equipment  and  the  air  flow 
requirement.  WiUi  pressurized  equipment,  the 
Irasic  problem  of  heat  removal  under  variable 
operational  conditions  rests  primarily  upon  the 
ability  to  provide  adequate  heat  dissipation  from 
the  case  surface.  The  requirements  Imjiosed  on 
internal  blowers  of  such  ^ulpment  are  constant 
for  all  operating  conditions.  Such  blowers  may 
operate  at  con.stant  speeds,  which  will  result  In 
thcsamealrcirculatlon under  all  operating  con¬ 
ditions,  Bir/ce  the  Internal  pressure  level  of  the 
equipment  will  remain  essentially  fixed.  With 
closed  vented  equipment,  Internal,  blowers  hav¬ 
ing  DO  mcr-'s  of  control  may  be  used,  provided 
Uiat  at  ail  operating  conditions,  tlie  external  heat 
dissipation  from  tlic  equipment  case  is  sufficient 
to  prevent  overheating  of  components  within  the 
equipment.  Since  Uie  presrure  level  within  the 
equipmait  is  rediced  as  the  altitude  Increases, 
the  weight  flow  capacity  of  the  Internal  blower 
and  Its  nbility  to  improve  the  heat  dlstrlbutloxi 
wliliin  Uie  equipment  are  diminished.  Under  con¬ 
ditions  where  components  tend  to  reach  their 
temperature  limits,  tlie  problem  of  inadequate 
air  circiik-'ion  wlUiln  Uie  equipment,  resulting 
from  Uio  reduced  pressure  level,  becomes  Im- 
porl.ant,  C<a)‘inued  reduction  In  component  tem- 
pierature  can  be  brouglil  about  under  low  pres¬ 
sure  conditions  by  Increasing  the  flow  rate  cf  the 
inlunial  blower.  In  such  a  situation,  a  require¬ 
ment  may  exist  for  control  of  the  Internal  blower 
to  provide  an  Increased  circulation  rate.  How¬ 
ever,  such  usaf'c  1b  limited,  since  at  low  pres¬ 
sure;;,  Uio  blower  power  requirt'd  to  malntabi  a 
mass  how  of  air  consistent  withUiat  at  the  higher 
prc.sfuire.s  result;;  In  a  significant  temperature 
ri.'ie  in  the  air  as  It  passes  through  the  blower," 
thus  limiting  ttie  cooling  capability  cX  the  air, 

Wdiori  bbrwors  are  used  to  sujTply  air  for  di¬ 
rect  di;;;'.ipallon  of  heal  eliiier  by  flowing  over 


components  or  by  blowing  over  the  surface  of  Uio 
equipment,  the  demands  placed  on  the  operating 
characteristics  are  considerably  more  severe. 
It  Is  possible  that  sufllclont  air  flow  may  be  un¬ 
obtainable,  for  the  reason  stated  In  the  precedlrig 
paragraph,  11  the  units  are  to  be  cooled  over  a 
wide  range  of  Iterating  pressure  levels.  Care- 
lul  evaluaUonoi  the  equipment  heat  transfer  and 
pressure  drop  Is  required  as  Uie  basis  of  blower 
selecUoii.  Once  the  characteristics  of  tlio  equip¬ 
ment  are  established,  the  performance  of  a  blow¬ 
er  at  known  characteristics  can  be  predicted 
when  operated  with  the  equipment  untior  specific 
conditions  of  air  temperature  and  pressure.  The 
blower  should  be  s^iei'.od  on  the  basis  of  com¬ 
puted  air  requirements  at  the  maximum  altitude 
of  operation.  Tiie  characteristics  cf  its  drive 
unit  will  depend  on  the  degree  of  tuc^icratare 
control  desired  at  other  altitude?-  Tlie  cmUrol 
requirements  are  particularly  severe  if  L’.fl  de¬ 
sired  range  of  operating  altitude  is  wide. 

Blower  Types,  /8/  Two  ger.eral  ciassoB  of 
fans  or  blowers  cover  all  commercially  avail¬ 
able  types.  They  are  axial-flow  types  and  cen  - 
trlfugaJ  types.  The  centrifugal  blower  Is  best 
suited  to  produce  canstant  surface  temperature 
of  the  equipment.  To  meet  other  reiiulrcmects, 
or  to  cope  with  critical  space  limitations;  ttic 
axial,  fan  may  be  a  better  choice, 

Axial-Flow  Fans.  There  are  two  brosul  varl- 
ations  of  axial-flow  fans:  the  propeller  fgn,  and 
a  more  refined,  somewhat  mure  elficleiit  uCelgic 
using  Inlet  and  outlet  vanes  known  as  Uoi  axial 
Ian.  ui  both  types,  the  air  enters  the  Imcicller  in 
a  direction  parallel  to  the  Impeller  rotrr  axis. 
In  current  applications,  the  axial-flow  family  ol 
fan  Impellers  functions  widely  in  air -bilake 
capacities  and  is  well  suited  for  flashing  large 
volurues  cf  air  over  equipment  components.  This 
type  of  fan  Impeller  Is  available  In  a  variety'  of 
sizes  and  capacity  ratings. 

Propeller  .  Fans.  Propeller  fans  are  widely 
used  lor  pustilng  air  through  chassis  ccmpaii- 
ments  and  over  heat-generating  compunents.  For 
its  physical  size  and  horsepower  rating  this  typo 
of  fan  Is  capable  of  moving  relatively  large  vo'f 
umes  of  air.  It  is  not  recommendea  wher.!  air 
is  to  be  moved  through  restricted  areas  that  J«  .. 
velop  back  pressures  in  excess  of  0.15  to  0.25 
inches  of  water.  Hldier  pressures  can  be  pro¬ 
vided  by  special  high-speed  Ians,  but  they  gen¬ 
erally  produce  more  air  noise.  A  typical  pic  ■ 
peller  type  fan  is  shown  in  Fig.  5-10, 

Axial  Fans.  The  axial  fan  represente  a 
design  at  hlglier  efficiency  than  the  propcLl;.- 
type,  from  which  it  is  derived.  It  features  inicr. 
and  outlet  vanes  that  cause  a  whirl  in  the  ate, 
which  provides  more  static  pressure  tlian  al- 
talned  by  the  basic  propeller-type  Ian.  T7ie  vanes 
also  keep  the  air  delivery  in  an  axial  direction, 
e;.Labli8h  more  uniform  flow,  and  maintain  high 
efficiency  with  quiet  operation.  The  range  of  air 
delivery  ratings  extends  from  20  to  5000  cubic 
feet  per  minute,  with  static  pressures  up  to  10 
Inches  of  water.  A  typical  axial-type  fail  Is  eliown 
in  Fig.  5-11. 


* 


Cor.trifufTnl  mpwcrs.  The  blades  of  a  centrl- 
fui;:il  blower  are  arranged  to  provide  high  effl- 
<  ieiu'y  by  driving  the  air  In  .a  circular  orbit  with¬ 
in  a  .scroll-type  housing.  Considerable  centri¬ 
fugal  force  Is  imparted  to  tlie  air  within  tlie  hous¬ 
ing,  and  then  Uic  air  Is  expellcKl  through  an  out¬ 
let  In  a  direction  tangentl  al  to  the  circle  described 
by  the  tip  of  the  Impeller  blades.  Centrifugal 
blowers  aie  useful  where  higli  pressure  and  mo-  , 
d crate- to- low-air-handUng  capacities  arc  called 
for,  and  where  alr-ducflng  may  be  required. 

A  typical  centrifugal  blower  is  shown  In  Flg,_ 
5-12. 


Direct  Liquid  Cooling/ 1 1/ 


Direct  liquid  cooling  Is  an  effective  method_ 
oflicat  transfer  for  assenibllcs  having  high  heat- 
concentration  or  those  that  must  operate  In  a 
high  temperature  environment  with  a  small  tem-- 
perature  giadicnt  between  tflem  and  the  cooler 
surfaces.  Equipment  can  be  designed  for  several 
types  of  liquid  cooling  systems,  any  one  of  which 
may  have  cooling  capacities  greater  than  those 
oI  forced  air  convection  systems.  Sealed  assem- 
Mh'g  can  be  devigncclior  direct  Immersion  In  the 
coolant,  tJie  assembly  can  be  filled  wltli  a  liquid 
such  as  silicone  fluid,  or  the  assembly  can  be 
dc.signed  with  passages  for  a  liquid  coolant  ad¬ 
jacent  to  tilt  htat-produclng  component.  Cooling 
Cm  uij  ecUy  iii'iiVjersou  equipment  may  be  increased 
!>y  forced  c'.rc’Jlation  of  tne  coolant.  However, 
this  increased  cooling  requires  some  power  and 
tJic  addition  of  a  pump. 


The  weight  ol  dlrecUy  Immersed  equlpmait 
maybe  reduced  somewhat  by  spraying  the  cool¬ 
ant  over  Uie  heal  producing  components,  col- 
Icciingttic  he'  ed  coolant  In  tlie  bottom  of  the  con¬ 
tainer,  and  tlien  pumpl.ig  it  through  a  heat  e.x- 
changer  and  back  to  the  spray  nozzles.  Such  a 
'■(>oiing  system  represents  a  savings  In  the 
.T  mount  of  coolant  liquid  required,  but  needs  a 
higiier  pressure  pump,  and,  consequently,  more 
power  to  run  tlie  pump  than  does  a  completely 
:nimor.sei'’  ■quipmcnl.  li  should  be  noted  that  free 
or  natural  convection  systems,  as  well  as  the 
.‘iprny  system,  will  not  operate  under  zero  gravi¬ 
ty  conditions. 


Direc  t  Vaporizing  Cooling 

Vai>)ri7.ation  cooling  Is  the  most  effective 
heal  removal  method  known.  It  has  the  advanl- 
a:;e.s  and  disadvantages  of  direct  liquid  cooling, 
tugetJier  wiUi  greatly  decreased  tliermal  resi- 
st.uu'O.  Expendable  .systems  are  simple,  but  In- 
\'olve  di.'  [v)sal  of  the  vapor  and  replacement  of 
tiio  er‘'C'l.int.  Nonexpendable,  or  continuous,  sys- 
i(  ni.s  ate  complex,  expensive,  and  necessitate 
i  I'Miseol  a lieal  exchanger  to  condense  tlie  vapor 
Imo'I;  into  a  fluid.  Vapoi  lzalion  ccxdiiig  systems 
.are  parluularly  suited  to  instiillalions  wiUi  ex¬ 
it'  ’iM'ly  li'g.li  ileal  c  oneeiilralions. 


Fig.  5-10.  Typical  propcllcr-typc  fans. 
Housing  Oullcl  Vgnes 


Vanes 

Fig.  5-11.  Typical  axial-type  fan. 
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Air  Outlet 


Direction  of 
Air  Flow 
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Fig.  5-12,  Typical  centrifugal  blowers. 
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Fiuidamcntally,  the  amount  of  heat  radiated 
by  an  object  depends  on  the  square  ol  Its  abso¬ 
lute  temperature  and  the  properties  and  area  of 
Its  radiating  surface.  In  general,  polished  sur- 
lacfcB  make  poor  radiators,  while  rough  surfaces 
make  good  ones.  A  lampblack  coating  makes  an 
excellent  radiating  surface  and  Is  used  as  a  slan- 
dai'dof  comparison  for  other  radiating  surfaces. 
An  increase  In  the  surface  area  of  an  object  will 
increase  the  amount  of  heat  that  the  object  radi¬ 
ates.  There  is  a  relationship  between  the  rate 
at  which  a  surface  radiates  heat  and  tlie  rate  at 
whicli  the  same  surface,  under  similar  condi¬ 
tions,  absorbs  heat.  A  good  radiator  of  heat  Is 
also  a  good  absorber  ol  heat,  and  surfaces  that 
radiate  slowly  also  absorb  slowly.  The  amount 
of  radiant  heat  reflected  by  a  surface  is  also  de¬ 
pendent  on  the  properties  of  the  surface.  Po- 
lisliod  surfaces  reflect  best,  and  black  or  t  ough¬ 
ened  surfaces  reflect  poorest. 
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Fi(;.  5-13.  Heat-disaipatlng  lube  shltild  for 
miniature  tuixis. 
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Fig.  S-l'I.  Heat-di.csipatlng  shield  for 
power  tuix;. 


Meat  r'*rtiv>'al  by  radialion  may  be  Increased 
by;  (1)  using  materials  wiUi  high  emlsslvlty  and 
absorbency;  (2)  increasing  the  tengierature  dlI-:_ 
icrcntial  ixitwccn  Uie  radiating  and  receiving  ob¬ 
jects;  (3)  choosing  the  geometrical  shape  of  the 
radiatina  .and  receiving  surfaces  so  that  the  re¬ 
ceiving  oiiject  nrrent.s  heat  at  a  faster  rate  than 
tlic  radiating  source  supplies  it;  and  (4)  proper 
placeniciit  of  components,  with  special  attention- 
given  In Uic  location  of  components  radiating  con¬ 
siderable  amounts  of  heat.  ^ 

Tulie  cl-.iclds  are  excellent  examples  of  heat, 
removal  liy  radiation.  Figures  5-13  and  5-14 
sliow  tube  slilelds  specifically  designed  to  dtssl- 
Iiale  lieat  liy  radiation.  The  shields  are  black  on 
tlic  inside,  to  absorb  heat  from  the  tubes,  and 
bbiclc  on  (tie  outside,  to  radiate  tlie  heat  as  quick¬ 
ly  as  possible.  Notlcothat  Uiese  shields  have  In- 
scrTiwiUi  numerous  tabs  punched  inward  to  make 
jihysic  al  conlnci  wlUi  Itie  bulb,  so  that  conductive 
Imat  transfer  is  also  used. 

Conipa ;  isot i  oi  Heat  Removal  Methods 

)'ii;ur(’5-15  shows  a  basic  comparison  of  heat 
nmi  iv;il  methods.  The  diagram,  however,  docs 


Noi'jrol  Coolinql 
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Direct  Liquid  Cooling 
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Walls ^ In.*  (based  on  40C  rise) 


Plosiic  Fmbedment 
Free  Air 
Metallic  uonCuciion 
Forced  Conveclion 
Direct  Liquid  Cooling 
Voporiiotiofi  Cooling 


0  5  10  15  20 

Walts /In. 5  (forinlernol  cooling 
of  sealed  units) 


Fig,  5-15r  Comparison  of  heat  removal 
methods./ll/ 


not  take  into  consideration  weigiit,  cost,  space  or 
efficiency.  In.  many  locations,  because  of  space 
aiiu  wuigiit  lluiltaliO'iS,  it  i'liay  only  be  puDSiule 
to  use  natural  cooling  means.  In  practice,  se¬ 
veral  types  ol  cooling  metJiods  will  normally 
have  to  be  used  to  produce  an  efflclenl  as  well 
as  effective  heat  removal  system. 


HEAT  EXCHANGER  /ll/ 

A  hoat  exchanger  Is  a  device  used  to  cool  a 
llcnild  or  gas  by  transferring  heat  to  another  li¬ 
quid  or  gas.  The  exchanger  is  commonly  a  wall 
made  of  material  of  high  thermal  conductivity. 
Heat  exchangers  are  normally  classified  accord¬ 
ing  to  their  Internal  conc'ructlon.  A  typo  of  heat 

gxrhongpr  ngrnpH  fnr  Itg  npC’rstiGg  priflCiplO 

rather  than  Its  construction  Is  the  "boiling"  or 
change-ln-Btate  exchanger.  In  this  type  of  ex¬ 
changer,  the  ultimate  fluid  undergoes  a  change 
of  phase  during  the  process  uf  absorbing  lieal, 
and  the  resulting  vapor  is  then  either  expelled 
from  the  system  or  is  condensed  back  into  a 
fluid  and  reclrciilated  In  the  system. 


Conventional  Sli ell -and -Tube  Ty 
Exchangers 


>e  Heat 


In  this  type  of  heat  e.xchanger,  one  fluid  flows 
Inside  Uie  tubes  and  the  other  fluid  flows  across 
or  along  the  outside  of  the  tubes,  depending  on 
the  construction.  The  classification  of  shell-and- 
tube  type  heat  exchangers  is  further  subdivided 
Into  parallel-flow  heat  exchangers,  counterflow 
heat  exchangers.  reversed-Row  heat  exchangers, 
and  cross-flow  neat  exchangers,  based  upon  the 
direction  of  flow  of  Uie  shoU-side  fluid  relative 
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Reversed  -  Flow  Type  with 
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Fii;.  5-16.  Shell-and-tube  type  heat 
cxciiarsiers./ll/ 


to  llietubfi-siilc  fluid.  Fifrure  5-16  showa  the  four 
types  of  shcU.-and-tubc  type  heat  exchangers. 

E.'dendcd  Surface  Heat  F.xcliaiigera 

For  preaior  coriipac.biess,  additional  heat 
triuisfer  surfa-O  can  be  obtained  by  the  use  of 
fins  in  good  tiiermaJ  contar,t  with  the  primary 
lu  al  transfer  suriaco.  There  are  many  types  of 
c.Mencied  suriaces  for  heat  exchangers.  Figure 
5-17  shows  commonly  used  extended  surfaces 
appliiablc  to  fioat  exdiangers  for  equipment 
p.  11. dill, T.  Finned-tube  heat  exchangers  are  par¬ 
ti  cuiariyeffoctise  wlien  tJie  tube  iiuid  is  a  liquid 
and  die  ceccxtd  fluid  is  a  gas  at  ordinary  pres¬ 
sure.  Tlicy  are-  tiicrefore,  suited  for  the  design 
01  air-to-watc’" 'or  other  liquid)  heal  exchangers 
in  forccd-corivecUo.t,  air  cooled  equipment. 

A  relatively  new  modification  tol  the  extended 
surface  heal  exchanger  is  tiic  "inner  fin"  sur¬ 
face.  The  longitudinal  arrangement  keeps  die 
pressure  di-opat  a  low  value.  The  inner  fin  pro- 

» f  1  r  J  ij  c  'I  « T  r  O '  1  «»  T*  S  U  r  •  11 C-'  C  d  *  ' 

Iransicr  of  heat. 


rf»«:nlrincr  in  HntJor 


J  I  at  Panel  Heat  Kxch.iii^i'cs 

Cored  heat  cxcinuigcrs  are  usually  quite  tiiick. 
The  Space  nuiiually  .available  in  equipment  for 
heat  esc  hangers  is  often  limited  in  one  dimen- 
s!  Ill  and  does  not  always  permit  die  use  of  wide 
(  nni|i  u  t  heat  CAChiuigers.  Flat  heat  exchanger 
panels  (also  called"tul)e-instrlp,"  "roll-bond," 
and  "iliccini). panels")  arc  l-est  suited  for  cool- 
mi;  equipnient  witli  a  low  Keat  concentration. 
Pmh  exchangers  liavc  a  high  effectiveness,  are 
lo-.v  in  wi  ii;hl,  and  bei  ause  al  their  thinness,  fit 
well  aiim-,  the  walls  of  equipment  enclosures. 

'i'lu'i  c  ai  c  tw  ')  basic  types  of  panel  !ieat  ex- 
I  bang(o  s.  Ono  typo  (tliermo-paneis)  consists  of 
I ..  >  plaii  s  w  ith  suitahle  embossbigs  welded  to¬ 


gether  to  form  the  necessary  flow  clianneis.  The 
other  type  (tube-ln-strlp  and  roll-bond)  consists 
of  a  single  sheet  of  metal,  such  as  copper,  brass, 
or  aluminum,  rolled  from  a  casting  or  graphite 
coated  sheet  and  then  Inflated  to  produce  flow 
channels.  Due  to  the  method  of  fabrication, 
tubc-ln-strlp  panels  or  roll-bond  panels  can  be 
patterned  aultc  bitrlcalely  to  suit  the  needs  of 
any  particular  heat  removal  sj'stem. 


Comparative  Features  of  Common  Heat 
faxchangers 

Shell-and-tube  designs  are  well  adapted  to 
high  pressure  and  can  easily  be  designed  so  that 
the  Inside  of  the  tubes  can  be  cleaned  by  t  rushes 
or  reamers.  The  outside  of  the  tubes  Is  difficult 
to  clean;  the  shell  should  contain  clcin  O'C  no^- 
scale-forming  fluid,  F.xpanslonls  easily  allowed 
for  by  making  one  tube  header  floating  and  by 
placing  an  expansion  Joint  in  the  shcil.  Shell-and- 
tube  designs  are  heavier  and  bulkier  than  other 
types. 

Figures  5-18  and  5-19  show  the  temperature 
gradients  existing  in  tubular  heat  exchangers. 
With  counterilow,  the  temperature  difference  is 
nearly  constant,  and  the  exit  temperature  of  Uie 
coldfiuldcanbehlghertlian  the  exit  temperature 
of  the  hot  fluid.  All  portions  of  the  tube  surface 
have  about  the  same  heat  transfer  effectiveness, 
and  extreme  temperature  differences  are  not 
present.  With  parallel  flow,  tlie  beat  transfer 
rate  is  high  over  the  first  part  of  the  tube  iengti), 
and  then  decreases.  Diltl^  cooling  or  heating  is 
tlierefore  rafild.  Parallel  flow  exchangers  tend 
to  bo  sho  rter  than  counterflow  exchangers. 


Gas 


Plole  Fin  Surfoce 


Gos 


Gos 


Finned -Tube  Surfoce 
with  Flcflened  Tubes 
ond  Exlended  Fins 


Finned  Tvbe  Surfoce 
iffith  Round  Tubes 


Fig.  5-17.  Types  of  extended  surfaces  for 
heat  exchangers. /1 1/ 
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Fip.  5-18.  Biilk  temporalure  variation  In 
heat  exchangers. /1 1/ 


Ln  crosstiow  exchangers,  tJie  flow  pattern  Is 
complex  and  very  dilflcuJt  to  calculate,  so  that 
empirical  lormulas  must  be  usccL  Turbulent 
flow  in  die  fihcli  Side  Is  easily  developecL  Cross¬ 
flow  exchangers  tend  to  be  "boxy,"  and  roughjy 
.square  In  shape.  Counterflow  exchangers  are 
long  and  of  small  diameter.  Parallel  flow  ex¬ 
changers  arc  shorter  and  of  larger  diameter^ 

In  croesfl  w,  as  In  parallel  flow  designs,  the- 
highest  temperature  of  Uie  cold  fluid  Is  lower 
tlianUic  lowest  temperature  of  the  hot  fluid,  and 
tliG  temperature  difference  varies  widely  from 
poi.nttopoinlonthecore.  Extended  surface  types 
can  l>e  made  much  lighter  in  weight  (for  low  pres¬ 
sures)  tJian  shell-and-tubc  types,  and  tho  con- 
Htr"‘-’ti'.'o  methods  are  frequently  cheaper.  Me- 
clianiral  removal  of  scale  is  difficult  or  Impos¬ 
sible,  hut  dust  and  dirt  accumulated  on  Uie  gas 
side  are  easily  removed. 


HEAT  SINKS 

A  heat  sink  Is  a  body  or  medium  to  which 
the  heat  renicn’ed  Is  rejected.  For  example, 
the  chassis  to  which  a  heat  conducting  tube 
sliield  Is  att.iched  Is  the  heat  sink  for  the 
.‘.tiicM.  Tills  example  Is  a  local  or  Intermediate 
sink,  as  the  he.at  must  also  be  removed  from 
the  c  lias  sis  ollicrwise  It  will  attain  the  tem- 
l'''i  atur;'  o(  the  neat  source  and  heat,  trans- 
Icr  will  stop.  Heat  must  Iherelore  be  transfer¬ 
red  front  Uie  Intermediate  sink  to  the  ultimate 
sink. 


Ultimate  Sink 

The  ultimate  shik  Is  that  body  or  medium  In- 
towhlch  the  local  and  Intermediate  sinks  trans¬ 
fer  their  heatf  or  final  dissipation,  For  -nost  ve¬ 
hicles  there  are  four  ullimHle  sinks  available: 
(1)  tho  atmosphere  surrounding  the  vehicle;  (2) 
fuel  suppllud  continuously  o  the  power  plant  of 
tlie  vehicle;  (3)  liquid  carried  for  heat  absorp¬ 
tion  only,  and  discharged  as  vapor;  and  (4)  space 
recelv  Ing  heat  from  radiation  from  the  outer  sur¬ 
face  of  the  vehicle. /1 3/ 

The  method-ot  transferring  heat  from  an  as¬ 
sembly  or  unit  to  the  ultimate  sink  Is  dependent 
upon  the  method  of  heat  removal  from  within  the 
assembly  or  unit  and  the  type  of  sink  available, 
its  location,  and  Its  temperature.  The  ultimate 
sink  must  be  considered,  since  Uie  temperature 
of  local  or  intermediate  sinks  may  Increase  when 
additional  heat  Is  added./ll/ 

Natural  MeHiods.  If  possible,  equipment  en- 
closures  should  be  utilized  to  conduct  heat  from 
the  equipment,  to  the  ultimate  sink.  In  certain 
instances,  the  enclosures  can  be  attached  to 
structure  members  that  are  thermally  connec¬ 
ted  to  the  ultloiate  sink. 

Forced  Convection.  Forced  convection  Is 
more  app)  Icahle  to  this  phase  of  cooling  than  nat¬ 
ural  method^  particularly  if  the  ultimate  sink  Is 
nearby  air.  The  air  should  be  properly  directed 
and  distributed  over  thfi  equipment.  Forced  con¬ 
vection,  at  small  flow  rates,  can  readl).y  provide 
thermal  resistance  about  half  of  what  is  obtained 
with  free  convection  and  radiation.  In  general, 
thermal  resistances  on  tlie  order  of  10  C  per  watt 
per  square  inch  can  be  achieved  with  a  reasonable 
airflow.  Increased  now  will,  under  certain  con¬ 
ditions,  lead  to  smaller  gains,  and  the  point  of 
diminiwlng  returns  will  be  encountered. 

"Indirect  Liquid  Cooling.  Through  the  use  of 
indirect  liquid  cooling,  the  heat  sources  can  be 


Fig.  5-10.  Bulk  temperature  vaiTatlun  In 
crossflow  exchanger./ll/ 


:irranf;«'d  In '.lie  flow  nytitem  tndcpcndent  of  thoir 
I-liynical  loraUon.s,  since  die  interconnecting  pipe 
c.iiiU,'  in.siaUed  and  .‘outod  almost  as  readily  as 
‘.'l'.'ctric;d  \vn  in[;.  If  t  arofully  planned,  thin  mini¬ 
mizes  the  flow  rate  and  pumping  power  retfilre- 
nients  and  allows  port  placement  for  greater 
compactness.  Because  most  of  the  heat  transfer 
'.uiJielioiildls  by  conduction,  the  heat  flow  paths 
arc  well  defi:ird,  and  the  Interaction  be^een 
parts  is  small. 


Heal  EKchonger  Equipment 


Fig.  S-20.  Basic  arrangement  of  a  ram  air 
syetom. 


One  of  tlie  most  Important  gains  achieved  by 
indirect  liquid  cooling  is  the  resulting  flexibility 
in  the  Installation.  The  sm.ill  space  require¬ 
ments  of  piping  make  tlie  iise  of  remote  heat 
sinks  feasiljle.  For  maximum  compactness  and 
flexibility,  ‘t.s  equipment  to  be  cooled  need  not 
have  ilnclf  the  means  for  liquid  clrcula- 

lion  or  ultimate  heat  exchange.  These  can  be 
provided  more  efficiently  and  completely  in  a 
separate  unit,  or  as  part  of  an  overall  coaling 
system. 

Even  Uiough  parts  may  not  be  designed  speci¬ 
fically  for  liquid  coolb.g,  suitable  moms  can  be 
providod  f  or  conducting  thel  r  heat  to  liquid-cooled 
surfaces  on  wlil.'h  the;  are  mounted.  In  this  man¬ 
ner.  the  liquid  may  become  the  primary  means 
of  hc.at extraction  from  tlie  equipment  for  trans- 
fcre.icu  to  the  ultimate  sink. 


f'l.IGHT  VEHICLE  HEAT  REMOVAL  SYSTEMS 

/H/ 

When  tlic  individual  equipment  heat-removal 
sy. stems  have- been  chosen,  along  with  their  sinks, 
tl’.oy  must  tlion  be  lutogratod  with  the  ultimate 
sink  into  an  overall  vehicle  heat  removal  system. 
The  heal  removal  systems  used  for  this  are  ram 
air,  expanded  -am-air,  bleed  air,  blower,  fuel, 
cxpci.ialic,  and  vapor  cooling  systems.  Tne  air 
sy. stems  are  for  both  direct  and  Indirect  cooling 
of  equipment  items.  The  fuel,  expendable  and 
vapor  systems  are  considered  only  as  Indirect 
systems. 


ery  during  the  Intake  process,  the  system  is 
called  a  ram  air  system,  lire  ram  air  system 
may  be  a  direct  or  Indirect  croUng  system.  When 
air  ns  tlie  ultlmale  fluid  Is  conveyed  directly  to 
and passes  thrmigh  the  equipment,  the  system  Is 
classified  as  a  direct  system,  anothsi-  fluid 

Is  usedto  transfer  heat  from  the  equlpnero-  to  nr’ 
intermediate  component,  which  would  be  a  h-uSt 
exchanger,  and  the  ram  air  cools  the  exchanger, 
the  system  is  called  an  indirect  cooling  system. 

A  block  diagram  of  an  Indirect  ram  air  system 
is  shown  in  Fig.  5-20.  Atmospheric  air  is  taken 
on  board  the  vehicle  through  an  Intake.  At  the 
exit  of  the  Intake,  the  first  duct  conveys  the  ram 
air  to  the  heat  exchanger.  The  air  passing 
through  the  heat  exchai.ger  undergoes  an  mcrease 
In  total  temperature,  because  ol  heat  received 
in  prociiclng  a  cooling  effect,  and  the  heated  air 
Is  then  conveyed  by  the  second  duct  to  the  air 
outlet. 

The  weight  and  volume  of  direct  ram  air  sys¬ 
tems  r  re  defined  by  the  weight  and  volume  of  the 
dlllupjr,  nozzle  and  ducts  connecting  the  heat 
exchanger  with  the  diffuser  and  nozzle,  since  the 
equipment  is  not  considered  as  a  physical  com¬ 
ponent  proper  of  the  heat  removal  system.  Both 
the  weiglit  and  volume  of  the  system  represent 
penalties  on  the  flying  vehicle,  in  addition  to 
these  penalties,  the  thrust  generated  during  the 
escape  of  the  ram  air  Is  eeneraily  not  sufficient 
to  completely  cancel  the  drag  resulting  when  the 
air  Is  taken  on  board,  so  that  a  net  drag  Is  im¬ 
posed  on  the  vehicle. 


1  lie  :idvai';ocec  and  disadvantages  of  the  var¬ 
ious  hezt  removal  systems,  together  with  a  brief 
tlc.scription  of  how  they  operate,  art  covered  In 
tiu'  following  Paragraphs.  A  discussion  of  the 
cons iirraiions  ii’volved  In  selecting  a  heat  re- 
mo’  al  syslem  for  a  particular  vehicle  is  also 
given.  A  more  thorough  analysis  of  heat  removal 
f:>r'.(emb  is  contained  in  refcr_ence/H/. 

I  l:i  ni  Air  Cooling  Sy  stem 

AimospluTic  air  taken  on  board  a  flight  ve¬ 
hicle  m.iy  t>eused  for  coolinft  without  prior  con- 
ili'.i'iiiiiu:  a.s  long  as  its  total  temperature  Is  be¬ 
low  the  required  temperature  level  of  the  equlp- 
oK  lit  I'Ciiii;  served.  When  fho  itmospherit  air 
i:i  used  a.s  the  ultimate  fluid  without  any  inter- 
iiieciiale  refrig.eral  ion equip-n'. ,it,  and  the  source 
of  pres.sure  for  overcom  ing  flow  resistance  of 
till' uUiiHut!  component  is  total  pressure  recov- 


AluiOiigli  iiiilireCL  BySteuiS  appear  iO  iiiCreaiie 
Ulc  penalty  oil  thevehicle  because  of  (1)  'Jm  aciled 
weight  and  volume  of  the  Inlarmedlate  heat  ex¬ 
changer  and  distribution  fluid;  and  (2)  the  power 

—  required  to  circulate  the  fluid,  and  the  somewhat 
larger  weight,  volume,  and  drag  of  the  ultimate 
system,  this  is  not  iiways  true.  In  the  instaUa- 
tion  ol  compilex  'electronic  systems  Involving  a 
large  number  ol  equipments  with  varying  tem¬ 
perature  requirements,  the  use  of  an  Indirect  ram 

■ '  air  system  may  Save  space  (because  of  reduced 
ducUr.g  vclunie),  reduce  weight  (because  of  re¬ 
duced  ducilngwelght),  andlncrease  reliability  by 
reducing  dust,  maintaining  better  temperature 
control,  and  tJJowing  simpler  coolant  duct  con¬ 
nections.  However,  the  temperature  potential 

—  available  for  the  ram  air  in  indirect  systems  caii 
never  be  quite  as  large  as  with  direct  systems 
for  the  same  desired  temperature  level  of  Uie 
equipment. 


Ti,,.  ,r,.nr'i-al  arfv'aiitaues  of  ram  air  heat  re- 

ino'  :il  ;  y.stoms  arc; 

1.  Piinpliclty. 

2.  Low  penalty  In  subsonic  Illglil  region. 

3.  Ease  of  control, 

4.  I’osfiii'L;  freedom  in  location  of  ultimate 
systeiii, 

DisadvMntases  of  the  system  Include: 

1.  Relatively  severe  flight  speed  limitations, ,, 

2.  Need  of  auxiliary  equipment  for  ground 

cooling.  — 

3.  Large  spatial  requirements  of  ultimate 
system  lor  lugli-allllude  operation. 


Expanded  Ram-Air  Cooling  System 


Tlic  temperature  potential  on  which  a  cooling 
system  operates  is  a  direct  function  of  tl>e  total__ 
temperature  of  Uic  cooling  fluid  at  the  Inlet  to  the 
ciiuipmcnl  bciisg  ‘'ex'ied.  Any  reduction  in  tills  ^ 
temperature  can  serve  to  lower  the  fluid  flow  rate 
required  and  to  increase  the  temperature  differ-  _ 
ential  lor  heat  transfer  in  any  heal  exchange  de-  “ 
vice.  Thus,  should  this  temperature  be  reduced 
by  some  means,  one  may  expect  smaller  heal  cx- 
ctiangcrsand  ducts,  and  lower  external  and  mo¬ 
mentum  drags,  because  of  the  lower  flow  rnteti. 
How  ever,  there  is  a  counteracting  Increase  In  the 
penalty  from  the  physical  devices  introducea  to 
iiu  l  ease  the  temperature  potential  Of  the  system, 
Nevorlholess.  any  means  by  which  this  tempera¬ 
ture  potential  can  be  Increased  permits  opera- 
tiu.ioi  Itic  system  at  higher  flight  Mach  numbers. 


In  general,  lowering  the  total  temperature  of 
tlie  fluid  at  inlet  to  Uie  equipment  requires  the 
removal  ol  heal  energy.  This  is  com-Tionly  ac- 
c  rir.plistied  by  expanding  the  fluid  In  a  mechani¬ 
cal  device  such  as  a  turbine.  The  ram  air  ays- 
leni  tan  bo  modified  to  permit  reduction  of  Uils 
icmreratui  e  by  introducing  a  turbine  after  the 
ram  a'  r  intake  or  diffusion  process  and  ahead  ol 
tl:e  lieiU  cxclianger.  The  turbine  must  have  a 


Common 


i  1"..  3-21.  (!asie  .nrrangement  of  an  expanded 
r;' iv. -ai I-  sysi oni 


load,  and  so  Is  directly  coupled  to  a  compressor 
locatcid  in  the  flow  circuit  after  the  lieat  ex¬ 
changer.  In  tills  way,  energy  removed  from  Uio 
air  aurlng  expansion  In  Uie  turbine  Is  delivered 
back  to  the  air  at  a  higher  temperature  level  by 
the  compressor.  A  system  of  this  type  using  ram 
air  to  serve  dlfecUy  either  the  equipment  or  in¬ 
termediate  exchanger  Is  called  an  expanded  ram- 
alr  cooling  syalem,  A  block  diagram  of  an  ex¬ 
panded  ram-afr  syetem  is  shown  in  ''hr  s-2l. 

Penalties  on  the  flight  velilcle  resulting  from 
the  use  of  expanded  ram-alr  eystems  are  due  to 
welghL  volume,  anddrag,  as  with  any  other  sys¬ 
tem.  The  weightand  volume  of  the  ultimate  sys¬ 
tem  .•’r'i  dcflhod  by  the  weight  and  volume  of  tlie 
inlet,  outlet,  ducts,  turbine  and  compressor. 
With  Indirect  systems,  the  weight  andvo'vme  of 
the  heat  exeJianger  and  distribution  fluid  must  be 
Included,  Drag  of  the  system  arises  .com  ex- 
terns!  and  momentum  drags  associated  with  the 
ram  air  flow,  and  the  equivalent  drag  of  the  in¬ 
creased  fuel  to  a  powerplant  when  shaft  power  la 
extracted  for  circulation  of  the  transfer  fluid 
through  the  system. 


The  primary  advantage  of  tlie  expanded  ram- 
alr  system  is  the  general  possibility  of  using  ram 
alrfor  heat  removal  at  higher  fil^t  Mach  num¬ 
bers.  A  second  advantage  of  the  system  is  that 
the  ram  air  is  conditioned  without  the  system  re¬ 
lying  on  any  of  the  powerplants  In  the  vehicle. 
This  allows  freedom  of  pcnmty  directly  imposed 
on  the  powerplant.  Disadvantages  of  the  system 
Include  the  difficulty  of  using  the  system  for 
ground  cooling,  the  added  complexity  of  control¬ 
ling  the  turbine-compressor  combination,  low 
pressure  levels  In  the  heat  exchanger  of  the  ulti¬ 
mate  system,  and.  In  some  Instances,  the  fact 
that  effective  use  of  the  system  depends  greatly 
on  providing  a  very  efficient  Intake  diffusion  pro¬ 
cess. 


Bleed  Air  Cooling  System 


Like  the  expanded  ram-alr  system,  the  bleed 
air  system  modifies  the  thermal  state  of  the  air 
used  as  the  ultimate  fluid  lielore  the  air  Is  de- 


equlpment.  However,  In  bleed  air  oy$*onis  Ihc 
availability  of  the  air  for  cooling  purposes  Is  in¬ 
creased  over  tJiat  of  the  expanded  ram-alr  sys¬ 


tems,  slnceforanyfllght  speed  It  is  possible  for 
the  temperature  of  Uie  air  at  the  exit  of  the  tur¬ 
bine  to  be  lower  than  the  corresponding  tempera¬ 


ture  In  an  expanded  raun -air  system,  This  means 
that  bleed  air  systems  may  be  used  at  higlier 
flight  Mach  numbers  than  either  the  expanded 


ram-air  or  the  straight  ram-alr  cooling  sys¬ 


tems. 


The  general  method  by  which  the  air  availa¬ 
bility  Is  Increased  Is  by  compressing  tlie  air  by 
rnediaiilcal  mean^  after  It  has  been  taken  on 
board  the  vehicle.  The  air  at  the  exit  of  Uie  com¬ 
pressor  has  ^th  a  total  pressure  and  a  total 
temperature  greater  than  Its  total  pressure  and 


•> 


V-  .il  ti'in;ii'rr\iure  at  llie  exit  of  tlie  ram  air  In- 
i.iu'  .  llirn,  hyvirtueii;  its  tiif.lier  total  tempera- 
ini  till' ('oiiiprc'ssiidalr  may  tx;  cooled  and  have 
ii'i  iiit.il  li  nipoi  ataro  lowi'rcd  by  ram  air  which 
d.) 's  noi  iiassllirnipdithe  compressor.  The  cool- 
liii.  process  can  take  place  in  a  conventional  alr- 
tii-lic.it  cx(  hamper,  where,  by  using  the  high  air 
cl  I  ecllvenoss  of  heat  exchange  on  Uie  hlgh-pres- 
surosidc  ■■  die  exchanger,  nearly  ail  heat  ener¬ 
gy  addetl  to  the  air  during  passage  through  the 
compressor  can  bo  rejected  to  the  ram  air  on 
Uie  opposite  side  of  the  heat  exchanger.  Thus, 
at  the  exit  of  tlie  lieat  exchanger  Uie  total  pres- 
sm-c of  tlic  air  that  flowed  Uirough  the  compres¬ 
sor  can  be  appreciably  greater  than  the  total 
pressure  of  Uic  ram  air,  while  its  total  tempera- 
tan:  would  ix;  only  slightly  higher  than  the  total 
loinperaturc  the  ram  air.  The  air  can  then 
lie  cxnrjided  tlnough  a  larger  pressure  ratio  In 
a  liirl'iiie,  so  Uiat  with  an  efficiency  of  energy  In 
tlic  turbine  cuiiiparable  with  Uiat  of  an  expanded 
ram-air  system,  Uie  total  temperature  of  the 
air  at  the  exit  of  Uie  bleed-air  turbine  Is  lower, 
ami  the  system  cooling  potential  is  greater.  Us¬ 
ing  additional  compression,  a  pre-cooling  heat 
exchanger,  and  secondary  ram  air  perntlts 
.  C.rcater  energy  removal  in  the  turbine  than  Is 

"  (lossiblc  in  Uie  expanded  ram-air  system.  For 

systems  of  Uiis  type.  Uic  compressor  or  com¬ 
pressors  of  the  vehicle  powerplants  are  used  to 
provide  Uie  additional  compression.  Air  Is  ex¬ 
tracted  from  the  compressor  and  conveyed  to 
the  procooling  heat  exchanger.  For  uils  reason, 
tlio  system  is  called  a  blccd-air  system.  A  block 
diagram  of  Uie  biecd-alr  system  Is  shown  In  Fig. 
5-22. 

Penalties  imposed  on  Uie  vehicle  by  bloed-alr 
systems  are  Uie  rcsailt  of  the  weiglil  and  volume. 
exti;riial  and  momentum  drags,  Uie  equivalent 
drai',  due  to  air,  and  shaft  power  extraction  from 
tiio  pu'.c  erplants  in  Uie  velticle.  The  weight  and 
volume  of  the  ui  onate  system  are  those  of  the 
ducts,  prccoolor,  turbine,  compressor,  air  'n- 
iet  and  outlet,  and  system  controls.  The  weight 
and  volume  for  Uie  distribution  fluid  and  heat  ex- 
ciiangor  niuslbe  included  with  indirect  systems. 
A  major  ixiriiou  of  Uie  syotctr.’s  drag  is  repre¬ 
sented  by  the  equivalent  drag  of  ilie  liiei-eaBed 
lucl  flow  for  maintaining  constant  propulsive 
thrust  when  air  is  extracted  from  the  power- 
plains  to  serve  as  the  ultimate  fluid  In  the  sys¬ 
tem. 

The  nrinripal  advantage  of  the  bleed-air  sys- 
tcni  is  its  ai'iiity  to  provide  relatively  high  sys¬ 
tem  temiieralurc  potentials  a  flight  speeds  In 
the  range  between  Maeh  1  and  2.  This  makes  it 
possible  to  provide  ccxjliiig  of  equipment  Items 
ri'quiring  teniixirature  levels  in  the  range  from 
about  130  to  250  F  (55  to  120  C)  without  the  need 
ot  excessively  high  ram  and  bleed  air  flow  rates. 
1  o  provide  tliis  primary  advantage,  several  addl- 
li'Uial  parts  must  be  Included:  namely  a  precooler 
and  a  secondary  air  tk>w  circuit,  each  of  which 
iiu'i  'uses  Uie  weight  and  volume  of  the  system 
:m’ d  I  he  penalty  imi>osed  on  the  Ilight  performance 
nf  Ihe  vehicle.  Anotlior  advantage  of  tlie  system 
i  :  that  cooling  of  equipment  during  taxiing  and 


Fig.  5-22.  Basic  arrangement  oi  bleed-air 
system  for  direct  or  Indirect  equipment 
cooling. 


takeoffis  possllie  witliout  additional  equipment. 
A  possible  disadvantage  of  Uie  system  is  Uie  fact 
that  it  relies  on  the  use  of  a  mechanical  com- 
prc.ssor,  and  this  may  restrict  the  flexibllli.v  lu 
locating  one  or  several  of  the  units. 


Blower  Cooling  Systems 

When  items  to  be  cooled  are  located  In  com¬ 
partments  that  have  a  natural  throughfiow  of  at 
mospherlc  air,  external  and  momentum  drags 
caused  by  a  cooling  system  may  be  eliminated  by 
providing  a  blower  to  overcome  the  flow  resi¬ 
stance  of  any  heat  exchangers  associated  with 
the  cooling  system.  The  penalty  of  this  type  of 
cooling  system  results  only  from  the  blower  and 
its  power  cupply, "" 

Blower  systemsj  like  ram-air  systems,  are 
"  severely  limited  In  application  by  the  flight  speed 
and  altitude.  The  limits  Imposed  by  flight  speed 
^  are  the  same  as  discussed  for  rani  air  systems. 
The  size  of  the  blower  at  hl^  altitudes  Is  quite 
large.  Also,  control  of  blower  systems  over 
.  .wide  ranges  of  flight  altitude  and  speed  appears 
unduly  complicated  Blower  systems  can  only  be 
used  advantageously  with  small  heat  dissipation 

—  at  subsonic  fllgtit  speeds  and  moderate  altitudes. 
Blowers  deslgnedforhlgh-altitude  operation  us¬ 
ually  can  provide  more  than  enou)^  cooling  on 

-  the  ground.  — 

Fuel  Cooling  Systems 

The  use  of  the  vehicle’s  fuel  as  an  ultimate 
fluid  for  cooling  systems  has  often  been  pro¬ 
posed,  since  it  represents  an  ultimate  sink  of 
considerable  thermal  capacity.  Many  arrange¬ 
ments  andtypesof  fuel  cooling  systems  are  pos¬ 
sible,  such  as:  (1)  heat  transfer  to  fuel  flow  to 
the  powerplants,  (2)  steady-state  operntlonal  con¬ 
secutions,  (3)  Indirect  systems,  and  (4)  no  change 
In  phase  of  the  fuel. 

The  temperahire  of  the  fuel  at  the  Inlet  to  the 
_  cooling  system  Is  assumed  equal  to  Uie  adiabatic 
skin  temperature  of  the  vehicle.  This  Is  the  tem¬ 
perature  considered  most  representative  of  the 
equilibrium  fuel  temperature  for  steady-state 
thei  mal  conditions.  Indirect  systems  are  best, 
since  it  is  not  considered  practical  nor  desirable 
to  convey  fuel  away  from  the  immediate  vicinity 
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of  (lie  vt'hk'lo’sfuol  system,.  The  heat  exchanger _ 

Im  locali'd  elciso  to  a  fuel  line,  and  a  distribution 
fliiici  Iranafors  hca*  In  the  equipment  to  tho  ex- 

i  liani;ei-.  'I'lie  fuel  is  considered  to  serve  as  an _ 

ultimate  fluid  wlUiout  change  In  phase,  so  that 
tlie  pressure  level  of  the  fuel  In  the  heat  ex¬ 
changer  Is  assumed  mifficiently  high  to  prevent 
boiling,  and  U)0  heat  absorbed  is  Insufficient  to"  '' 
cause  caiburetion  difficulties. 

A  block  diagram  of  a  fuel  cooling  system  Is 
shown  in  Fig.  5-23.  The  system  consists  of  the 
equipment,  a  distribution  flulo,  a  heat  exchanger  — 
an  '  tlie  ultimate  fluid.  A  pump  circulates  the  dla- 
tributiorifinldbetweentheequlpment  and  the  heat 
cxc  hangcr.  The  distribution  fluid  is  healed  in  the 
equipmentacdcooled  In  the  exchanger  by  the  fuel  _ 
passing  iiLTough  ihe  opposite  side  of  the  ex- 
clianger. 

The  principal  advantage  In  using  fuel  as  the 
ultimate  sink  is  the  relatively  low  penalty  Im¬ 
posed  on  tho  vehicle  by  the  cooling  system,  since 
weight  and  drag  of  the  ultimate  system  Is  negli¬ 
gible.  Furtlierniore,  no  air  inlets  or  outlets  are 
required,  and  operation  and  cor.trol  of  the  system 
is  relatively  simple,  because  It  provides  the  ne¬ 
cessary  fuel  flow  for  cooling  in  a  bypass  arrange¬ 
ment  with  one  or  more  main  fuel  lines.  Without 
change  in  phase,  the  fuel  Is  capable  of  receiving 
heat  at  the  rate  o'  about  850  Btu  per  minute  for 
each  1000  pounds  per  hour  of  fuel  flow.  The 
available  cooling  capacity  of  the  fuel  ts  about 
1,5  percent  of  tiie  vehicle  propulsive  fwwer  at  a 
flight  Mach  n’lniber  of  0.9  for  each  100  F  tem¬ 
perature  rise  of  the  fuel;  at  Mach  1.5  the  avail- 
aide  cooling  capacity  for  eadi  100  F  temper¬ 
ature  rise  is  on  Uie  order  of  1  percent  of  the 
required  propulsive  power. 


The  prlmarv'  disadvantage  of  fuel  cooling 
systems  lor  operation  under  conditions  of  ther¬ 
mal  equilibrium  is  the  relatively  hl^  temper¬ 
ature  of  tlie  fuel  in  comparison  with  the  desired 
temperature  level  of  the  equipment.  Since  'be 
cc,i'L:tbrium  temperature  of  the  fuel  may  be  :is- 


sumed  equal  to  the  adiabatic  skin  temperature, 
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rii;.  5-2.''.  Ba-sic  arrangement  of  a  fuel  cooling 

sy  stf'in. 
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are  essentially  Jim  sau^  as  for  ram  air  cooling 
systems.  Thus,  for  cooling  equipment  in  tlie 
temperature  range  of  130  to  250  F  (55  to  120  C) 
under  steady-state  thermal  conditions,  fuel  cool¬ 
ing  systems  are  restricted  to  use  at  relatively 
low  flight  speeds.  A  method  of  alleviating  tills 
limitation  Is  to  use  the  fud  as  n  heat  sink  and 
connect  a  refrigeration  system  to  it.  The  great¬ 
est  availability  of  the  fuel  us  an  ultimate  sink 
Is  for  vehicle  ojieratlon  corresponding  to  the 
transient  heating  of  the  fuel  system. 

Factors,  such  as  the  effect  of  an  increase  in 
fuel  temperature  on  the  solubility  of  gases,  fuel 
pumpabllity,  volumetric  e^qiansion,  fuel  seals, 
and  so  forth,  will  Introduce  problems  In  the  fuel 
supply  system.  The  general  proidem  of  In¬ 
creased  fuel  system  vulnerability  could  also 
affect  the  use  of  fuel  as  an  ulUmatii  pink  ''.-v 
heat  removal  systems. 


Expendable ' 


Often,  relatively  simple  devices  may  be  used 
based  on  the  acceptance  of  low  efficiency  or  a 
low  coelflclent  of  utilization.  In  principal,  a 
cooling  system  of  this  type  Is  one  where  the  ul¬ 
timate  fluid  Is  exT'endea  In  absorbing  heat.  The 
use  of  expendable  cooling  systems  appears  more 
and  mere  advantageous  with  Increasing  fll^t 
speeds  because  of  the  rapidly  iiicrea,Jlnv  nensutv 
with  flight  speed  of  other  tj^s  of  cooflng  eys- 
tems,  and  the  decreasing  flight  endurance  of 
vehlues  with  increasing  night  speed.  There¬ 
fore,  a  lower  coefficient  of  utilization  of  the  ul¬ 
timate  fluid  can  be  Justified  with  decreeing 
c^erational  time,  providing  the  weight  and  drag 
of  the  cooling  system  is  minimized. 


An  expendable  cooling  system  is  one  where 
the  ultimate  fluid  is  carried  within  the  vehicle, 
undergoes  a  change  in  phase  during  the  process 
of  absorbing  heat  and  Is  then  exp^ed  from  the 
vehicle.  Liquld-to-vapor  pliase  change  for  the 
expendable  fluid  Is  considered.  A  direct  ex¬ 
pendable  system  consists  of  the  equipment  as 
well  as  storage  and  flow  control  equipment.  The 
ultimate  fluid  In  direct  systems  is  delivered  to 
the  equipment  heat  exchanger,  where  boiling  of 
the  fluid  occurs.  The  res^ting  vapor  is  then 
exhausted  from  the  vehicle. 


An  indirect  expendable  system  consists  of  a 
heat  exchanger  and  distribution  fluid  In  addition 
to  the  other  units.  The  expendable  fluid  is  eva¬ 
porated  on  the  ultimate  side  of  the  heat  ex¬ 
changer  and  a  distribution  fluid  Is  circulated 
between  the  equipment  mid  exchanger.  A  block 
diagram  of  an  Indirect  expendable  heat  removal 
system  Is  shown  In  Fig.  5-24. 

The  penalty  imposed  on  a  vehicle  by  an  ex¬ 
pendable  cooling  system  is  principally  due  to 
Uie  weight  of  ultimale  fluid  required.  For 
steady-state  thermal  conditions,  the  wei^t  re¬ 
quired  is  In  direct  proportion  to  the  ope:  ating 
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FiR.  5-24.  Basic  arraniremcnt  of  an  Indirect 
expendable  cooling  system. 


time  of  ih'!  cooling  system,  so  tliat  the  "break- 
e.'er."  point  of  this  system,,  in  comparison  With 
other  types  of  syttems.  can  be  evaluated  la 
terms  of  (Ticrallng  time  for  the  cooling  system. 
The  break-even  time  increases  with  increasing 
fliglit  spoeds  because  of  the  general  Increase  in 
penalty  for  otiicr  types  of  cooling  systems  with 
flight  speed.  In  general,  expendable  systems, 
e?niX!dcsi(medfrom  conventional  aircraft  parts 
and  are  relatively  simple  in  operation  and  con¬ 
trol,  -■ 


Vapor  Cycle  Refrigeration  Systems  - 

For  the  previously  described  cooling  systems 
using  air  as  iiii^  ’jlumaie  fluid,  the  systSui  tcul- 
purature  poicitllal  is  provided  by  limiting  Uie 
vehicle  High'  epeed  or  by  creating  an  energy 
transfer  by  tlie  use  of  turbines,  compressors, 
and  heal  exchangers  to  modify  the  thermal  state 
of  tile  air  before  serving  as  a  thermal  sink.  In 
addition  to  any  method  by  which  the  thermal 
state  of  tlie  idlimate  air  is  niodilied,  a  heat 
pump  can  be  used  to  lower  the  tem^rature 
level  ol  ihe  tuii;  serving  the  equipment  or  dis- 
tribution  fluid,  and  to  raise  the  temperature 
level  of  the  source  serving  the  ultimate  fluid. 

Ill  tills  way,  tlie  overall  effective  temperature 
p  tential  of  the  system  is  increased.  A  cooling 
system  of  tills  type  is  In  direct  contrast  to  the  ~ 
ph.ilQSophy of  e.’cpendable  cooling  systems,  since 
I'v  irtroduclnp  a  heal  pump,  the  temperature  - 
effectiveness,  efficiency,  or  coefficient  of  utUl- 
aation  is  improved  by  sacrificing  simpUcity  of 
the  sy.slem.  The  overall  cooling  sybicui  could 
1)C  a  r.'un  air  syc'.em,  or  an  air  system  In  which 
die  thermal  ulate  ol  the  ultimate  air  is  modified 
prior  to  sci-ving  as  a  thermal  sink  for  the  heat 
pump.  Fuel  may  also  be  used  as  the  ultimate 
sink  In  a  vapor  cycle  cooling  system.  The 
lie.it  jiunip  serves  as  a  heat  exchanger  for  the 
cooling  system,  so  th.at  the  system  Is  of  the 
indirect  type,  regardless  of  whether  or  not 
tiic  heal  pump  is  iii  the  vicinity  of  the  equipment 

I'l'ini;  CfX)l«l. 


CtKiliin:  systems  emplcying  a  lieal  pump  can 
use  .a  vapir  cycle  refrigeration  machine  for  Uie 
I  xchmiger .and  a  ram  air  system  as  the  ultimate 
The  evaixiralor  In  Uic  vapor  cycle  ma¬ 


chine  furnishes  the  low  temperature  dink  for 
the  transfer  fluid  serving  the  equipment,  and 
the  condeiiBcr  of  the  vapor  cycle  maclilne  pro- 
vldca  a  high  temperature  source  for  Uie  ram 
air  serving  aa  the  ultimate  sink.  Shaft  power 
for  driving  the  compressor  ol  the  refrigeration 
machine  is  provided  by  the  power  supply  sys¬ 
tem,  A  block  diagram  of  such  a  system  Is 
shown  In  Fig.  5-25, 


The  primary  advantage  of  a  cooling  system 
using  a  heat  pump  is  its  ability  to  provide  cool- 
Ing  at  high  flight  speeds.  Theoretlcily,  a  cooling 
system  of  this  typo  has  no  flight  speed  limlta- 
ilons.  However,  from  a  practical  viewpoint,  It 
Is  limited  by  its  comple.xlty,  weight,  power  re¬ 
quirements,  and  availability  d  suitable  refriger¬ 
ants.  The  reason  for  this  Is  that  with  increas¬ 
ing  flight  speed,  it  becomes  deBlra.:dc  to 
crease  the  tem^rature  differential  created 
by  tJie  heat  pump,  and  to  consider  units  capable 
ol  modifying  the  thermal  state  of  Uie  ulUmate 
sink.  A  detaUed  evaluation  of  vapor  cycle  re¬ 
frigeration  systems  for  use  In  flight  vehicles  Is 
contained  in  reference  /14/. 


Consideration  In  Selecting  a  Cooling  System 

In  the  design  ci  a  cooling  system  to  provide 
adequate  and  practical  protection  for  flight  ve- 
incieB  uiiu  their  equipment,  ccnfiluerollou  niuSt 
be  given  to  many  variables,  such  as; 

1.  Cooling  capacity. 

2.  Tetnperature  level, 

3.  Welgtit. 

4.  Size, 

5.  Performance  penalties. 


Inlet 


Fig.  5-25.  Basic  arrangement  of  a  vapor 
cycle  cooling  system, 
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In  addition,  tlie  type  of  vehicle  niust  be  con^- 
fiidcri  d.  For  example,  a  coding  system  tJi&t 
vKuild  be  sal  iatat  Uu  y  for  a  subsonic  aircraft^ 
nuj’iit  be  entirely  inadequate  for  supersonic 
fligiit.  Likewise,  some  cooling  systems  used 
i  ltcctively  in  atniosplierlc  vehicles  are  unsatis¬ 
factory  for  use  In  space  vehicles. 

Probably  ‘Ji*;-  rr.o.st  Important  factor  to  consider 
ill  a;  riving  at  a  cooling  system  configuration  la 
bow  the  cooling  system  can  lie  Integrated  with 
other  systems  in  the  vehicle.  An  example  of 
tills  is  the  combined  air  cycle  cooling  syatem 
and  cabin  pressurizatlo.i  systcbi  used  In  most 
gas-turbine  propelled  aircraft.  In  general,  the 
use  of  more  eflicionllv  Integrated  systems  re¬ 
sults  in  a  reduction  of  the  performance  penalties 
to  tt’e  ”<;hicio. 


LOVV-TF-MrEItATfiriE  PROTECTION 


Because  in-flight  compartmenl  temperatures 
rarely  stabilize  al  levels  low  enough  to  cause 
serious  adverse  effects  on  equipment  oiieratlon. 


extensive  coverage  Is  not  given  In  this  hand¬ 
book  to  low-temperalnro  prottetlois  nictliodo. 
Iiibioad,  a  summery  of  important  low-temper¬ 
ature  protection  techniques  Is  presented  In 
Table  5-11.  A  more  detailed  an^ysls  of  low- 
temperature  effects  and  corresponding  prevent¬ 
ive  measures  Is  covered  in  reference/15/.  It 
should  be  noted  that  Uie  brief  coverage  does  not 
mean  that  low-temperature  protection  can  be 
neglected.  On  the  contrary,  factors  such  as  the 
strategic  Importance  of  the  Arctic  and  the  ad¬ 
vent  of  missiles  end  iipace  vehicles  have  in¬ 
creased  tlie  need  for  reliable  low-temperature 
equipment.  One  of  the  most  extreme  examples 
of  tills  is  the  fuel  system  of  many  missiles. 
These  vehicles  store,  pump  and  turn  liquid  fuels 
at  temperatures  as  low  as  -320  to  F 

(-160  to  -2ia  C).  In  addition  to  thi  extremely 
low  temperatures,  Uie  materials  la  iiiese 
fuel  systems  must  withstand  hlgj'.  prosbures  and 
Impact  forces.  Ono  metal  that  might  poseiliLy 
bo  used  In  these  appllcaticmi  Is  titanium,  which 
Increases  in  strong  wl*h  decreasing  temper¬ 
ature.  Teels  have  shown  that  at  -300  F  (-148  C) 
the  strength  of  titanium  is  twice  as  great  as 
that  at  room  temperature. 


Tiihlo  S-U.  Low-Temperature  Protection  Methods 


KI'fttL't 

Preventive  measures 

Diffcrcnl  ial  contraction 

Careful  sclecUon  of  materials 

Provision  of  proper  clearance  between  moving  parte; 

Use  of  bprlng  lerselcners  and  deeper  ptilleys  ^or  control  cablos; 

Use  of  heavier  material  for  skins. 

I.iit)rii.'aii(>n  stiffening 

Proper  choice  of  lubricants; 

Use  greases  compounded  from  silicones,  dlesters  or  siUcoDe- 
d'esters  tlilckened  with  lithium  stearate; 

F.liminute  uoe  of  liquid  hibricauts  wherever  possible. 

l.ciU's  ill  hydraulic  syslemu 

1 

Use  of  low-lcinperature  sealing  and  packing  compcauids,  euch  as 

ovliovxryo 

Stiilernnt;  ol  hydr.iulic  sysleirs 

Use  of  prcpc'-  low- temperature  hydraulic  fluids. 

jee  ciirnaKC  o:uiscd  by  ficezing 
[11  collf{  led  water 

EliiTiination  of  moisture  by: 

Provision  of  vents; 

- 

Ample  draining  facilities;  _ 

ElimlnaMng  moisture  pockets; 

ttuitable  heating; 

“ 

Sealing;  — 

Lxisiccatlon  of  al  r. 

I  iii.itioti  of  MiatoriJl  prctj)- 

Carofiii  selection  of  n)nterli*l8  ar.d  coniporents  viillh  aatisfactory- 

ortif  ;;  ;iinl  C(/PijKHU‘nl  IcIiHbillty 

low-lomp^i'ftture  capabtUUea. 

_ i 

V, 


■  ( 


Mi’UukIs  of  protc■ctin^'  theextemai  surfaces  of 
;it  mo.splioric  fllpht  vclilclos  from  cold  weather 
<  iivl-'juimxital  effects  such  as  IrlriK  and  frosting 
arc  ccvoreci  in  later  paragraphs. 


CHOCK  AND  VIBRATfON  PROTECTION 

Thcr'- arc  two  broad  motJ>ods  of  protecting  Ute 
vetilcle  and  i.f  c^iuipincnt  against  shock  and  vl- 
bratluii.  Where  possible,  design  techniques  and 
(■i)mi)o;-!'’nt  part.sphoiLldbe  chosen  that  wlU  wlth- 
siand  the  shock  and  vibration  environments, 
tviicrc  tlie  environments  are  *oo  severe,  ju¬ 
dicious  location  of  equipment  and  parts,  or  the 
use  of  isolation  protective  systems,  Is  required, 

Cciurces  of  jii  .c'.t  and  Vibration 

The  airframe  structure  requires  protection 
from  shock,  vibration,  acceleration  and  acous¬ 
tics  occui  ring  outside  of  and  inside  the  structure. 
}Iii:h  speed  flight  may  Induce  flutter  tliat  is  suf¬ 
ficiently  violent  to  cause  almost  Instantaneous 
failure  at  a  critical  lluUcr  speed,  while  fll{ijit 
through  gust.s  results  in  high  accelerations  and 
stresses  of  the  airframe.  Certain  maneuvers 
result  in  severe  load  factors  being  applied  to 
tJie  vehicle,  and  intense  acoustic  pressure  loads 
u.sually  da;nage  the  skin  as  a  result  of  a  large 
numlter  of  relatively  small  loads  applied  at  a 
hi|’,h  rale.  Imbalance  in  reciprocating  power 
plants  and  noise  irom  propellers  and  jet  streams 
induce  vibration.  Inside  the  vehicle,  rotating  or 
moving  cquipoiciit,  such  as  pumps,  compres- 
.sors,  turl:inc-H,  actuators,  etc.,  generate  vi¬ 
brations  of  m.any  frequencies  and  amplitudes, 
wiiLch  furlltcr  complicate  Uic  problem. 

.Siiock  anil  Viiiration  Protection  at  the  Vehicle 
r<J7c^ - - — - - 

Basic  structural  design  techniques,  such  as 

u. sing  suitiitjlo  malorials  and  frame  design,  will 
piotccl  tlic  flight  vehicle  against  most  erf  the 
environmental  stress  levels.  This,  liovr'ever.  Is 
inoio  a  part  of  aeronautical  engineering  ana  is 
not  covered  in  tins  lianUbook,  The  part  of  en- 
v'ronmeiitn'  engineering  that  deals  with  stres¬ 
ses  at  Uie  vehicic  ievei  is  concerned  xnosUy 

v. ’iUi  falii;ue,  wtiicli  is  Itie  tendency  for  a  metal 
to  break  under  con  htions  of  cyclic  stressing 
eoiisideraidy  b^low  its  ultimate  tensile  strength. 

J  atJguo  D.am.'igo.  F’atiirue  damage  occurs  to 
iiirTranie  slfuelures  tiial  are  cx|Kj8od  to  Intense 
viliralion  anti  acou.slic  pi-ussure  loads.  Damage 
to  tl}(’ vctiicleskin  can  l>e  minimi.Tcd  by  (1)  using 
the  pro|)('r  sl;in  niatcri.al  and  configuration  and 
[2]  conirolling  tlic  vitiration  and  acoustic  stres- 
■scs  that  are  apidiod  to  tiie  skin.  It  should  be 
i)o!cd  tiiat  Uic  faliinte  protilcm  is  not  limited  to 
the  vci)ii  l(' skin  but  aflects  every  part  of  tlie  ve- 
iilele,  fr'Mii  tlie  strutture  to  tlie  siiiallcsl  coni- 

poiicnl. 

Si'.in_  h*  ale  rial  and  Coni  i miration.  Induced 
St  !  ■  SSL'S  iiT  ilic  vcfiielc  sl'.iii 'material  must  be 


avoided  during  manufacture  and  processing  of 
the  material,  as  well  as  by  proper  design  tech¬ 
niques.  These  induced  stresses  tneiude  stress 
lalsers,  which  are  fp.ctorg  sucii  as  nhapp 
changes  in  contour  or  surface  defects  tliat  con¬ 
centrate  stresses  locally;  Internal  stresses  tliat 
take  place  during  heat  treating,  forming,  ma¬ 
chining,  etc,;  and  built-in  stresses  that  result 
from  improper  assembly  and  design. 

The  effects  on  a  vehicle’s  fatigue  life  of  var¬ 
ious  methods  of  mounting  the  skin  to  the  struc¬ 
tural  members  of  the  airframe  are  shown  in 
Fig.  5-26.  When  mounted  as  shown  in  (A),  fail¬ 
ures  in  tlie  Bkimoccur  first  near  the  toll  heads. 
Mounting  (B)  is  the  same  as  (A),  except  tliat  a 
layer  of  bonding  material  Is  placed  between  the 
skin  and  the  structure.  With  this  mcbicd,  the 
skin  first  peels  away  from  the  bon^nv,  and  Lhor. 
failure  occurs  near  the  bolt  heads.  This  .uoimt- 
ing  tends  to  last  about  50  percent  longer  than 
mounting  (A).  To  eliminate  peeling,  both  sides 
of  the  skin  should  be  bonded  and  clamped  bet¬ 
ween  two  rigid  mirfaces,  as  shown  in  (C),  Fail¬ 
ure  then  occurs  at  the  edge,  and  the  skin  lasts 
twice  as  long  as  It  would  with  tlie  (A)  method. 
Method  (D)  shows  the  nkin  rolled  to  an  8-foot 
radius  and  fastened  to  a  curved  rigid  frame. 
Skin  failure  now  starts  near  the  bolt  heads  as  It 
did  with  methods  (A)  and  (B),  but,  curving  tlie 
skin  increases  the  average  life  15  times  over 
that  shown  in  (A),  even  though  the  stress  cycles 
Increase  about  50  percent.  A  further  Increase 
of  fatigue  life  is  obtained  by  leaving  tlie  edges  of 
Uio  frame  sharp.  Instead  of  round.  This  causes 
the  failures  to  occur  at  the  edge  of  the  frame 
Insteadof  at  the  bolt  head,  but  the  fatl^e  life  is 
doubled  as  Indicated  by  the  bar  of  dashed  lines, 
Mounting  (E)  is  the  same  as  (D),  except  that  a 
pressure  differential  of  6  pounds  per  square 
Inch  Is  put  across  the  skin.  This  high  differ¬ 
ential  pressure  causes  the  skin  frequency  to 
nearly  triple,  and  life  Is  greatly  Increased. 
When  the  skin  thickness  is  doubled  from  0.032- 
inchto0.064-lnch  gage  and  mounted  with  method 
(A),  fatigue  life  increases  .about  twenty  times. 
716/ 
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Fig,  5-26.  Relative  skin  fatigue  life.  Skin 
gage  Is  0.032  Inch;  linear  dlmcnslone  are 
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CoiUrnLlia>;  Skin  Stresses.  There  Is  little  that 
cainH,'  (lino  to  reBuce  the  stressea  caused  by 
tlio  extorird  environment;  but  fortunately,  the 
internally  Ksnorated  stresses  cause  the  most 
tT-fiul)lc  and  can  tie  controlled  to  some  extent. 
The  vibration  and  acoustic  levels  that  reacit  the 
skin  cm  bo  kept  down  by  using  etpilpment  and 
methods  tlial  generate  leas  vibration  and  noise. 
T'or  example,  propeller  noise  may  be  reduced 
by  Increasing  tlie  nunil:^jr  of  blades,  using  wider 
blades,  and  removing  the  tips  from  the  blades. 
Also,  accxiatlc  loading  from  Jet  engines  can  be 
niinimixed  by  placing  the  engines  as  far  as  pos¬ 
sible  from  vulnerable  areas. 


Vibration  and  nolse-gencratlng  ecjulpment  can 
bo  isolated  by  vising  special  mounts  to  minimize 
Uie  transmission  of  strcEses  to  the  skin.  This 
is  covc.'cd  lai'-T  in  this  section. 


Thittcr  and  Vibration.  /1 7  Flutter  and  excess¬ 
ive  viTjrat ion  can  bcTnlnimlzed  by: 

1.  Using  high  torsional  rigidity  of  fixed  and 
movable  surfaces. 

2.  Proper  Static  balance  of  control  surfaces. 

3.  Dynamic  balance  of  control  surfaces  and 
tails. 

4.  Inherent  mass  balancing  by  favorable  lo¬ 
cation  of  structural  weight. 

5.  Uniform  spanwise  distribution  of  weight 
along  Uic  span  of  tlie  surface, 

G.  Irreversible  tab  mechanisms  located  as 
close  to  Uic  tab  or  control  surfaces  as  pijsslble. 


Panel  flutter  con  usually  prevented  by  the 
use  of  sufficiently  stiff  structural  panels.  U 
tti’ck  panels  arc  undesirable,  a  possible  alter¬ 
native  solution  is  Uie  use  of  Internally  pres- 
sucii'ed  compartmonls  so  tliat  the  outer  skin  Is 
kept  at  con.'^t.'ml  tension.  Control  surface  buzz 
can  be  pre-'cnted  by  sufficient  rigidity  of  the 
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!  i  ;.  r)-27.  1  ransfoinier  design  to  resist  sliocK 
airi  vibration. 


actuating  system  and  the  control  surfaces,  or  l  y 
using  hydraulic  damping  about  the  hinge  a^iis. 
Buffeting  can  generally  be  prevented  by  placing 
lift  surfaces  so  that  they  Uc  outside  t)ie  wake  of 
other  parts  from  which  the  air  flow  may  sep¬ 
arate  as  a  result  of  eltner  flight  attitude  or  a 
high  Mach  number. 


Selection  at  Electronic  Conponeots 


Whenever  possible,  components  should  be  se¬ 
lected  that  can  v  Ith^and  the  anticipated  shock 
and  vibration  forces.  In  many  cases,  no  com¬ 
ponents  are  available  that  have  been  specifically 
designed  for  c^eiaticn  In  the  expected  environ¬ 
ments.  Then,  the  only  recourse  the  designer  has 
is  to  apply  the  ava:iable  components  in  s  manner 
Uiat  minimizes  the  environmental  effects  or  to 
use  components  that  a\*e  available,  nr-u  .,y  Ju 
diclous  design,  control  the  envlrontnenl. 

Studies  have  been  made,  such  as  reference 
/1 8/,  concerning  what  happens  to  components 
subjected  to  shock  and  vibration,  but  little  In¬ 
formation  Is  available  as  to  how  to  select  a 
component  for  use  In  this  environment.  For  the 
most  part,  the  information  given  In  the  following 
paragraphs  Is  o<  a  general  nature.  It  Is  intended 
as  a  guide  to  aid  the  designer  In  selecting  and 
using  components. 


R^ays.  Tltc  effects  of  shock  and  vibration  can 
be  decreased  by  using  relays  wltli  contacts  that 
are  mounted  on  short,  thick  supports.  /3/  Wip- 
big,  or  follow-through  contacts,  such  as  used  in 
a  sluppiiiK  relay,  ahuuld  be  useu  wlieiieveiT  pos¬ 
sible.  This  contact  arrangement  wLU  not  bounce 
open  when  subjected  to  shock  and  vibration. 
Relays  should  be'used  In  the  energized  position, 
if  possible,  as  the  holding  force  is  greater,  and 
tliere  Is  less  danger  of  inadvertent  opening. 
Adequate  current  should  be  supplied  to  Uie  coLl 
to  obtain  the  most  armature  attraction. 


Transformers.  Certain  types  of  transformer 
assemblieB  have  definite  points  or  areas  that 
--  are  susceptible- to  shock  and  vibration.  The 
transformer  shown  In  Fig,  5-27  illustrates  this 
point.  /19/  As  attached  to  the  base  In  (.^),  the 

—  transformer  is  vulnerable  to  lateral  excitation. 

til*'  l?3t5C  nj^fi 

the  core,  as  In  (B),  r^ses  the  natural  frequency 

—  of  the  transformer  and  dlstrlliutes  the  strain. 
Short  leads  should  be  used  in  a  transformer  to 
reduce  tlie  forces  Imposed  on  the  terminals. 

—  Also,  transformers  should  have  the  mounting 
bolts  go  through  the  core.  Instead  of  being  weWed 
to  the  shell.  The  transformers  shown  In  Fig. 
5-28  are  examples  of  good  ctesign  for  sliock  and 
vibration  environments. 


Canacitors.  Capacitor  elements  should  be 
flrmlyTield  In  their  containers  to  prevent  dara- 

_ age  to  the  dielectric,  the  foil,  and  Um  leads  to 

tlio  terminals.  A  lor^se  internal  assembly  may 
also  cause  Intermittent  open  and  short  circuits 
during  exposure  to  shock  and  vibration,  bt  paper 
capacitors,  the  extended  foil  construction  Is 
~  best  able  to  withstand  the  excitation  forces. 


Fig.  5-28.  Tranfiformers  designed  to  withstand  shock  and  vibration. 
(Courtesy  of  Bell  Telephone  L>aboraU>rles,  Inc.) 
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Fig.  b-29,  ICnurleU  terminal  posts. 


He.sisUirs.  Very  little  Inlormallon  can  be  of- 
(n  d  on  sclec-tiiig  fixed  resistors  to  wllhetandl 
slioek.  and  vibration.  However,  as  to  shaft  oper- 
aliiu;  vai  iablc  resistors,  tlie  following  should  l>o 
;  uanidi'red.  The  slider  spring  tension  should 
I  !• ‘oilfi!  ientto  prevent  the  slider  from  breaking 
(  ontact  V,  iUi  the  resistance  clement  as  a  result 
cif  alnicb  and  vlbratioi’;  adequate  sliaft  tfjrquc 
s'l'nild  ix'  used  to  prevent  creepage  from  shock 
and  vibi  alioti;  the  shaft  should  1>C  reduced  to  the 
ininmunii  pernilaslblf  length;  and  Utc  lightest 
knob  sl.oiild  be  u.sod.  /TJ/ 


Terminals.  The  rigidity  ol  a  terminal  In  Its 
mounting  hole  determines,  to  some  extent,  the 
aLUttv  6t  the  attached  lead  to  withstand  mech¬ 
anical  excitation.  K  the  terminal  becomes  loose 
and  vlbraies.  the  lead  becomes  susceptible  to 
vibration  forces.  By  vibrating  and  bumping  the 
edges  of  Its  mounting  bole,  a  loose  terminal 
causes  wear  around  the  edge  of  the  hole  and 
becomes  looser.  The  terminal  board  must  be 
of  a  compoaltlm  that  will  not  readily  wear  or 
crack  around  the  mounting  hole,  and  the  term¬ 
inal  must  be  made  of  su^  material  that  the 
terminal  shank  wUi  not  crack  excessively  when 
it  Is  swaged.  A  knurled  terminal  grips  the  board 
better  and  resists  turning  In  Uie  hole.  Term¬ 
inals  with  knurled  shanks  are  more  resistant  to 
turning  than  those  with  radial  knurling.  Figure 
5-2D  shows  a  radial  and  a  knurled  shank  term¬ 
inal  post. 

Wiring  and  Cabling.  /19/  Stranded  wire  and 
caETc  have  a  relatively  high  degree  of  drjnping 
and  arc  preferable  to  solid  conductor  wiring  in 
a  shock  and  vibration  environment.  In  addition 
to  the  Internal  damping  offered  by  the  Insulation, 
internal  friction  between  multlconductor  cable 
components  or  between  Individual  strands  of 
stranded  conductors  pravides  damping  that  re¬ 
duces  the  vibration  amplitude  at  lesonuuco. 

Selection  of  Fasteners  /8/ 

In  many  cases,  even  though  the  equipment  Is 
properly  designed  and  isolated  so  tJiat  It  wUi 
nut  be  directly  damaged  \jy  shock  and  vibration 
forces,  the  repetitive  nature  of  the  forces  tends 
to  cause  fastened  devices  to  come  loose  after  a 
poilod  of  time.  Fasteners,  tlicn,  should  be 
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<  lio.scii  to  resist  vii)ritlon  and  acoustic  forces. 
Many  Kpcelalizcd  fastenei  s  have  been  developed 
for  pa  rlifular  purposes,  and  these  fasteners  are 
uKod  in  larRC  quantities  in  military  ecTutpment. 
Some  (•oinn>only  used  fastciiers  are  uescrlbed 
in  ilm  loliowini;  paran.apiis. 


Self -Locking _ 

Ihreatl  jnicrferenre 


Nuts.  Self -locking  nuts  of  the 
type  provide  torque  In  the 


nut  to  ''IhratlOii  or  otlier  forces  tliat  tend 

to  sejiarate  tlie  joint.  Locking  is  accomplished 
in  any  one  of  several  ways.  The  nut  may  have 
:ui  insert  made  of  a  rciativcly  soft  material, 
such  as  filxjr,  nylon,  or  lead,  as  siiown  in  Fig. 
h-3(i.  The  screw  impresses  its  own  threan  in 
Uie  insert,  and  the  resiliency  of  the  insert  ma¬ 
terial  exerts  a  force  on  tlie  screw  thread  to 
prevonf  it  irom  loosening. 


Fig.  5-30,  belt -locking  nut  wltli  relatively  soft 
insert  Uiat  grips  threads  to  prevent  loosening. 
(Courtesy  of  Elastic  Slop  Nut  Corp.) 
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Mi:.  5-31.  Sclf-lockiug  nut  with  Uiread  slightly 
<i'  f  'iim  cl  iii'.varUly  to  grip  screw  thread  tighlly. 
I  <  tesy  ()[  l.lastic  Stop  Nut  Corp.) 
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In  another  type  of  sell -locking  nut,  several  of 
the  tlireads  are  deformed  to  an  elilptical  shape 
or  Inwardly,  as  shown  in  Fig.  5-31.  The  de¬ 
formed  thread  then  grips  Uie  screw  Uiread  over 
a  portion  of  its  periphery  and  The  nut  does  not 
loosen  readily.  Still  another  self-locking  nut  Is 
made  in  two  parts,  as  shown  in  Fig.  5 -32,  with 
the  top  of  the  bottom  portion  slotted  so  tliat  it 
can  compress  v/hen  the  upper  portion  of  the  nut 
Is  threaded  on  it. 


Self -locking  nuts  are  available  in  a  variety  of 
forms;  plain;  clinch,  for  fastening  the  nut  in¬ 
to  a  plate  or  structure;  anchor,  for  fastening  to  a 
plate  or  structure  by  riveting,  eyeleting,  weld¬ 
ing,  or  a  similar  method;  and  floating,  which  is 
slmUnr  to  anchor,  except  that  the  nut  has  free¬ 
dom  of  movement  for  a  short  distTuice  In  twe 
directions  to  allow  for  tolerances  in  fitted  parts. 
Some  examples  of  clinch-type  nuts  are  shown  In 
Fig.  5-33, 


Inner  Nut  Slotted 
obove  This  Focc 
to  Allow 


Fig.  5-32.  Two-  part  self-locking  nut.  Top  nut 
compresseB  slotted  portion  ol  bottom  nut 
against  screw  thread. 
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Fig.  5-33.  Self-locking  nuts  Uiat  may  be  clinched 
into  panel  and  ancliorcU  by  riveting  or  welding. 
(Courtesy  of  Clastic  Stop  Nut  Corp.) 
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Fitr.  5-34.  Quarter -turn  fastener  that  locks  or 
releases  with  quarter-turn  of  rotating  element. 
(Cuuriesy  of  Camloc  Fastener  Corp.) 


Fi”.  5-35.  Quarler-tum  fastener  Installed  to 
hold  two  parts  together. 


1  ir.  5-30.  Half -turn  fastener  using  cam 
receptacle  and  rub'rxtr  sleeve.  (Courtesy 
ol  Gerteral  Tire  and -Rubber  Co.) 

1  i  a(  t  i  inaI-T\  rn  J^.astenerj.  Fractlonal-tum 
f.Tsicn  'is  are  widely  u!>ed  in  airborne  applica¬ 
te 'Hs.  They  operate,  to  ia.s'.cn  or  release,  with  a 


Stud  Slide 


Fig.  5-37.  Snap-slid  fastener  operated  by 
small  movement  of  sliding  section. 
(Courtesy  of  Aircraft  Radio  Corporation  ) 


qu$uder  or  half  turn  of  the  rotating  iivcmber. 
They  are  useful  In  attaching  panels  to  racks, 
fastening  replaceable  aubassemblies  to  chp.'.’Bis, 
(dosing  access  and  inspection  doors  In  air¬ 
frames,  etc.  Choice  of  a  suitable  fractional- 
turn  fastener  depends  on  such  factors  as  space 
available,  wel^t  of  the  objects  fastened  to¬ 
gether,  kind  of  tools  available  lor  operation, 
vibration  and  shock  forces,  whetlier  sealing  is 
required,  and  need  for  retalniiig  the  fastener  In 
objects  during  separation. 

Many  quarter-turn  fasteners  consist  of  two 
parts,  and  others  consist  of  one  piece.  Both 
kinds  have  various  types  of  heads  for  operation 
with  screwdrivers,  a  coin  or  the  fingers.  Some 
fasteners  have  detents  or  other  devices  to  lock 
them  against  inadvertent  loosening;  and  in 
others,  care  has  to  be  taken  to  avoid  turning 
them  too  far  so  that  they  release  Inadvertently. 
Most  o£  these  fasteners  need  specially  shaped 
holes  in  both  parts  to  be  fastened,  several 
use  plain  round  holes. 


Figure  5-34  shows  afasftener  that  consists  of  a 
stud  assembly  and  a  cam-type  receptacle.  The 
same  fastener  Installed  to  hold  two  panels  to¬ 
gether  Is  shown  In  Fig.  5-35.  The  stud  assem¬ 
bly  may  be  Installed  so  that  It  is  self-retaining, 
or  so  that  It  may  !;e  removed  as  the  fastener  is 


opened.  The  receptacle  is  attached  to  Its  parts 
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ener  have  rated  tensile  and  .shear  strengths  of 


200  and  700  pounds,  and  ultimate  tensile  and 


shear  strengths  ol  300  and  1050  pounds. 


A  fractional-turn  fastener  using  a  rubber  sleeve 
that  expands  in  a  radial  direction  to  squeeze 
against  the  sides  of  the  holes  In  Uic  panel  and 
the  frame  Is  shown  In  Fig.  5-36.  The  fastener 
has  the  cam  device  In  the  stud  portion,  and  as 
It  Is  turned,  the  spring  wire  rides  in  Lite  cam 
and  pulls  the  fastener  tlglit. 


Snap  Slides,-  The  snap-slide  fastener,  shown 
In  f'ig.  .5-37,  is  useful  In  fastening  panels,  cov¬ 
ers,  and  assemblies  to  chassis  or  other  slruil- 
ures.  The  fasteners  are  designed  to  permit  re¬ 
moval  and  replacement  ol  equipment  and  oO.oi' 
parts  In  a  few  seconds.  At  the  same  time  they 
are  strong  enough  to  carry  airborne  cqi-.ipnien:. 
under  severe  stress.  The  open  end  ol  lii«  slide 
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is  so  deslRned  that  It  must  be  forced  open 
slirhily  iH.'fore  Uic  stud  is  enfiaged.  This  pre¬ 
vents  tJio  slide  from  coming  loose. 

Fastening  CTampa.  Fastening  clamps  for 
Fociiriiig  cQuipoient"  to  the  airframe  or  racks 
must  be  capable  uf  staying  tight  under  constant 
vibrr'ion.  It  Is  standard  practice  with  ordinary 
ni  t  and  boll  f..3lening  to  use  a  safety  wire  to 
prevent  the  bolt  from  becoming  loose.  How¬ 
ever,  the  safety  wire  tends  to  slow  down  re¬ 
moval  and  roplaccn-ient  of  equipment.  Sclf- 
Inrking  fastening  clamps -are  available  that  do 
not  require  safety  wires.  A  typical  one  is  shown 
in  Fig.  5-3B.  The  clamp  consists  of  three  prln- 
cipp.I  parts;  an  inner  nuFto  secure  the  equip-' 
nientto  th"  rack;  an  outer  nut;  and  a  serrated 
lockir?  nut  to  lock  tiie  inner  nut  in  place.  The 
outer  "nut  is  spring  loaded  so  that  It  applies 
constant  pressure  on  Uie  inner  nut  to  prevent  it 
from  loosening.  The  serrated  locking  nut  coup¬ 
les  the  inner  and  outer  nuts,  and  normally  is 
seated  in  the  nut  recesses.  The  outer  nut  can 
be  screwed  up  or  down  tp  the  best  locking  por. 
sitlon,  and  then  can  he  pulled  Up  slightly  from 
its  locking  position  without  screwing.  An  In¬ 
ternal  .sp  .'ing  pulls  the  outer  nut  back  down  to  . 
Us  locking  posiiiori  when  it  is  released.  With 
the  outer  nut  pulled  up,  the  Inner  nut  can  be 
ui'isorcwel  to  release  the  equipment.  The  entire^ 
damp  assembly  is  usually  attached  to  the  rack 
with  a  hinge,  so  that  tJic  clamp  can  be  swung 
down  to  facilitate  removal  and  replacement. 


Applical'or.  of  Components  — 

Three  basic  considcratlooa  are  Involved  liu.- 
protecting  parts  from  Uie  ef  ects  of  shock  and 
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vibration.  The  first  consideration  is  the  loca¬ 
tion  of  a  part  with  respect  to  the  linear  dimen¬ 
sions  of  tiie  structure  or  chassis  on  wliirh  it  Is 
mounted;  in  oUter  words,  whether  a  part  is  put 
on  tlte  e^e,  the  corner,  or  in  U>e  center  of  tl-.e 
structure.  The  secona  consideration  la  the 
orientation  of  apart  with  respect  to  the  direct¬ 
ion  of  shock  and  vibration  excitation.  And  the 
third  consideration  is  the  manner  of  mounting 
the  part.  _ 

The  ability  of  a  part  to  withstand  shock  and 
vibration  depends  on  the  response  of  the  part  to 
the  encountered  excitation,  and  on  Us  ability  to 
withstand  that  response  without  malfunction  or 
failure.  The-size  and  shape  oI  a  paiT,  the  way 
In  which  It  is  mounted,  and  such  material  pro¬ 
perties  as  density  and  elastic  modulus  dtect  its 
natural  frequencies. 

Parts  Location 

Some  degree" of  shock  and  vibration  protection 
Is  obtained  by  properly  locating  parts  on  the 
supp<'irting  structure  or  cliassls,  since  the  loca- 
tioncan  affect  the  naturalfrequency  of  the  struc¬ 
ture  and  ►he  «mwint  of  shatk  protection  provided. 
Such  placement  takes  into  account  both  the 
weights  of  the  parts  and  their  motions  in  res¬ 
ponse  to  excitation.  In  most  cases,  calculating 
the  best  arrangement  of  parts  is  impracUcal, 
since  the  time  spent  in  making  the  calculations 
is  greater  than  the  time  necessary  to  test  and 
modify  an  arrangement  arrived  at  by  empirical 
methods, 

The  following  is  a  list  ol  parts-locatton  tech¬ 
niques  and  considerations  for  designing  equip¬ 
ment  to  be  used  in  a  shock  and  vibration  en¬ 
vironment: 

1.  Maximum  support  should  be  given  to  parts 
of  niaxUnum  weight, 

2.  Sufficient  space  should  be  provided  for 
movement  of  parts  under  excitation. 

3.  Centers  of  gravity  of  parts  and  equipment 
should  be  kept  close  to  the  plane  of  mounts, 

4.  Heavy'  parts  should  be  located  at  the  corn¬ 
ers  or  sides  of  a  chassis,  and  lighter  items 
should  be  centrally  located. 

5.  Parts  should  be  distributed  about  the 
mouetbig  structure  so  that  the  chances  ol  their 
striking  one  another  are  minimized, 

6.  The  total  mass  of  parts  remote  from  the 
plane  of  mounts  should  be  kept  as  small  as  pos¬ 
sible. 

7.  Hvavy  parts  shiTuld be  located  low  in  equip¬ 
ment  and  nlaced  as  close  to  mounts  as  possible. 

6.  There  is  reason  to  believe  that  an  irregular 
arrangement  of  parts  on  tlie  mounting  structure 
is  of  value,  since  such  an  arrangement  prevents 
all  tiie  parts  from  resonating  at  the  same  fre¬ 
quency  and  in  Uie  same  direction. 
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;i.  Tlie  natural  frequencleo  of  the  portionn  of 
Uu!  niountlnj;  etructure  on  which  Menaltlve  parts 
.110  lor.itcd  sliould  1)0  far  removed  from  the  na¬ 
tural  (i  I'quenrlos  of  tlic  sensitive  parts.  A  fre¬ 
quency  ratio  of  2  to  3  Is  desirable. 


Parts  r  '■iontatlon 

An  indication  of  the  importance  erf  parts  orient¬ 
ation  as  a  protective  measure  against  shock  and 
vihralion  can  be  gotten  from  the  following  dls- 
tubsiuii  of  relays. 


Polav  Orientation.  The  relay  ranks  with  the 
electron  t  -.k:  os  one  of  the  major  sources  of 
malfanv-tion  m  airborne  equipment.  Tlie  oper¬ 
ation  irf  a  relay  under  conditions  of  shock  and 
vibration  is  generally  unpredictable.  Typical 
shock  and  vibration  failures  are:  contact  chat¬ 
tering,  armature  binding,  armature  jarring  from 
position,  and  mechanical  warping  and  breakage. 
Wlion  cajitUever  mounted  and  vertically  orient¬ 
ed,  relays  with  long  body  dimensions  rften  am¬ 
plify  the  mechanical  excitation  appearing  at 
theii'  mounting  base.  This  undesirable  com¬ 
bination  is  shown  in  I'ig.  5-39.  From  the  10-g 
motion  Of  ttie  base,  successive  amplifications 
occur  until  a  30-g  level  is  reached  at  the  arma¬ 
ture. 


C«  .  pn  .  0.1...  nru . 

1  VIM.;  iwiav*  Atix;  *1./ 

shown  ihT4%  5  -4o,  fails  fastest  when  subjects 
to  shock  and  vitjration  along  axis  1.  At  low  vl- 


Fig»  5-39.  dhock  amplification  through¬ 
out  Ioiig-br<W  relay  fastened  on  flexible 
cli.assisy  19/ 


Axes 


I-  ig.  5-40.  t'Kapper-typn  relay  end  axes. 


brallon  frequencies  along  tlile  axis,  some  con¬ 
tact  chatter  occur  a  but  the  degree  of  chatter 
varies  depending  on  the  contact-lip  pressure  for 
the  particular  relay  design.  Severe  cliatter  oc¬ 
curs  at  or  close  to  the  resonant  frequencies  of 
the  relay's  contact  support  members.  Contact 
chatter  also  occurs  as  a  result  of  nhock  forces. 
Axis  2  of  the  clapper-type  relay  appears  least 
sensitive  to  shock  and  vibration.  Unless  speci¬ 
alized  clapper  types  are  used,  there  is  assur¬ 
ance  of  optimum  relay  performance  If  the  relay 
Is  oriented  so  that  acceleration  forces  are  di¬ 
rected  parallel  to  this  axis.  Along  axis  3,  the 
average  clapper-type  relay  Is  not  considered 
susceptible  to  effects  of  vibration  accelerations. 
Shock  accelerations  erf  30  to  50  g,  however, 
cause  considerable  contact  chatter. 


Rotary-Type  fMay.  The  rotary  lyi**  c»>’ay, 
shown  m  FTg.  b-4l.  Is  normally  not  aifected  by 
linear  vibration.  It  la  ssneitlve  only  to  rota¬ 
tional  vibration  in  a  plane  perpendicular  to  Its 
axis. 


Summary  of  Relay  Orientation.  Experience 
shows  that  relays  are  usually  oriented  accord¬ 
ing  to  available  space  or  convenience  of  at¬ 
tachment.  Certain  optimum  orientations  of  re¬ 
lays,  however,  exist  for  various  types  of  en¬ 
vironments,  The  dynamic  forces  in  convent¬ 
ional  aircraft  and  helicopters  are  primarily 
alongthe  vertical  axis,  but  in  helicopters,  forces 
nearly  as  great  appear  along  the  transverse 
axis.  Missiles  launched  fromthe  ground  often 
experience  large  dynamic  forces  along  the  long¬ 
itudinal  axis.  The  effect  of  these  forces  on  the 
relay  depends  mainly  on  the  particular  relay 
and  its  orientation  in  relation  to  the  dynamic 
force  encountered.  Figure  5-42  shows  orienta¬ 
tions  for  three  types  of  relays.  These  orlenta- 
tiuns  assume  that  the  support  is  rigid,  and  that 
motion  occurs  ~along  or  about  one  axis  only. 
When  rigid  supports  are  unavailable,  sufficient 
rigidity  must  ^  designed  Into  the  supporting 


Fig.  5-41.  Rotary-type  relay  and  axes. 
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Direction  of 
Cxcilotion 


Fig.  5-42.  Dest  orientation  for  three  popular 
type  i  c'i.ys./i9/ 


Fig.  5-49.  Hat  and  post  device  for  hoIdinK  tube 
in  socket.  (Courtesy  of  Times  Facsimile  Corp.) 


structure  to  increase  tJie  natural  frequency  of 
tlic  a.j.seni'rly  beyond  the  environmental  exciting 
Ircquencies, 

Farts  Mouiitli.g 

Tee  resonant  frequencies  and  behavior  of  any 
part,  aJU  r  erjnsidering  its  shape,  mass  distrl- 
1  ution,  and  elasticity,  arc  determined  la.’'gely 
by  tlic  mounting  nietiiod  used.  The  mounting 
ar:  Tiigt  incnl  is  the  one  aspect  of  design  over 
V  h  the  designer  has  Die  greatest  control. 
M(  ...tirii;  iiietliods  for  several  common  elec¬ 
tronic  p.nrt.s  arc  desrril>ed  in  this  section  to 
.slur.v  the  wide  latitude  the  designer  has  in  se- 
butir.',;  a  mounting  arrangement.  Fasteners  for 
u.sc  in  mounting  tiave  Ixicii  covered  previously 
i'l  bus  clmutcr. 

i  :ii  I.  ti  in  Tull  MounUng.  Fxccijl  for  the  special 
(  ,1.-1'  of  I'liTiviiFuJlv  IsiHaied  tubes,  tiie  best  that 


Fig.  5-44.  Cradle-type  tube  ehlelufcr 
miniature  tube./8/ 


can  be  accomplished  In  tube  mounting  is  to  sub¬ 
ject  the  entli^  tube  to  the  vibration  existing  in 
the  chassis.  The  mounting  must  not  only  re¬ 
strict  the  tube’s  motion  un«r  shock,  but  ^ould 
also  attenuate  the  shocti,  if  possible.  The  sim¬ 
plest  way  to  mount  a  tube  Is  to  push  Its  pins  Into 
a  socket  that  is  fastened  ti?  the  chassis.  Wliile 
this  method  of  mounting  is  satisfactory  in  mild 
environments,  it  does  not  provide  good  support 
for  the  tube.  Tubes  that  are  pin  mounted  may, 
under  shock  or  vibration,  pop  out  of  their  sock¬ 
ets,  strike  other  parts,  or  amplify  the  base  mo¬ 
tion  and  subject  the  Interior  of  the  tube  to  high 
accelerations. 

One  method  used  for  securing  tubes  with  bases 
is  to  clamp  the  tube  by  Its  base,  with  the  claaup 
secured  to  the  chassis.  However,  base-gripping 
clamps  are  usually  more  rigid  than  other  t^ea 
and  tend  to  transmit  full  shock  forces  directly 
to  the  tulK}.  Also,  although  the  base-sripping 
clamp  holds  the  base  of  the  tube  securely,  the 
envelope  containing  the  tube  elements  is  still  a 
cantilever,  and  under  severe  shock  and  vibration 
the  cement  that  holds  the  envelope  in  the  base 
often  fails.  When  this  happens,  the  leads  will 
soon  fall. 


to  the  base-gripping  type.  There  a:  c  two  ge¬ 
neral  types  of  envelc^e-grlpplpg  tube  clamps: 
the  "hat  and  post"  type  and  the  shield  type. 
The  hat  and  post  type  Is  available  in  many  var¬ 
ieties.  The  one  shown  in  Fl^.  5-43  is  for  a  re¬ 
gular  size  glass  envelope.  Tube  shields,  in  ad¬ 
dition  to  providing  electrical  shielding  and  tem¬ 
perature  control,  give  Uie  tube  mechanical  pro¬ 
tection  and  help  hold  It  In  its  socket.  Many  var¬ 
ieties  of  tube  shields  are  availably  a  cradie- 
type  of  miniature  tubes  la  shown  In  Fig,  5-44, 

Transistor  Mounting.  Although  inherently 
resistant  to  shock  and  vibration,  transistors 
can  fail  because  of  improper  mounting.  Figure 
5-45  shows  five  types  of  transistors  tlnat  arc 
mounted  in  various  ways.  The  transistor  shown 
in  (A)  is  screwed  to  the  chassis.  The  type  shown 
in  (D)  has  a  threaded  stud  that  screws  into  a 


(A)  (B) 


( C )  10)  ( E ) 


Fii;.  5-45.  Five  types  of  transistors. 


Iicat  sink.  From  a  shock  and  vibration  stand¬ 
point,  tliosc  two  typos  are  desirable  because 
Lliey  fasten  securely.  Transistors  (C),  (D),  and 
(K)  do  not  fasten  as  securely  as  the  other  two, 
and  uttuir  means  must  be  used  to  insure  ItiCir 
risistance  to  shock  and  vibration.  Type  (C) 
mounts  in  a  sorkoi  like  an  electron  tube,  and. 
for  airliorne  applications  it  must  be  mounted 
uith  some  form  of  retainer.  The  retainer 
may  consi.-i  of  a  strip  of  metal  extending  across 
a  row  of  piCi;-in  transistors  and  securely 
'oolted  to  Uie  ciiassis.  Rubber  gioinmels  axe 
used  at  the  points  of  contact  between  the  strip 
rind  llie  transistor.':. 


sonant  frequency,  the  stress  on  Uie  leads  can 
easily  become  great  enougli  to  cause  them  to 
break.  Lead-mounted  capacitoi  sand  resistors 
fail  more  qalckiy  when  excited  at  resonance  than 
when  excited  at  other  frequencies,  and  tlielr  life 
may  be  increased  by  increasing  their  natural 
frequencies.  Figure  5-46  snows  the  results  of 
teats  on  a  particular  resistor  size  and  type  and 
illustrates  the  Increased  life  that  can  be  obtained 
by  increasing  the  natural  frequency  through 
shortening  the  lead  lengtlis. 

The  methocl  of  mounting  capacUors  and  re¬ 
sistors  by  using  short  leads  as  Uielr  supports 
may  be  acceptable  in  conventional  aircraft, 
where  the  high-frequency  excitation  Ip  of  low 
value.  But,  when  this  method  of  mouncing  is 
used  In  a  guided  missile,  where  cliar.s!'!  vib’-;;,- 
tions  of  appreciable  magnitude  may  oxi.jl  for 
long  periods  at  frequencies  coinciding  with  Uie 
natural  frequency  of  the  lead-mounted  part,  it 
may  be  necessary  to  clamp  or  cement  the  ca¬ 
pacitor  or  resistor  to  the  chassis. 


Proper  mounting  techniques  lor  both  fastened 
and  lead-mounted  capacitors  and  resistors  In¬ 
corporate  many  minor  but  Important  consider¬ 
ations.  For  example,  as  shown  In  Fig.  5-47,  Uic 
lead  should  be.  handled  carefully  with  proper 
tools  to  prevent  nicking  or  scratching,  and  the 
lead  should  be  ‘^iven  a  slloht  bend  to  allow  for 
temperature  contractions  of  Uie  wire  between 
the  component  and  the  terminal. 


Ti  :mr;i.‘;tor.s  (n)  and  (E)  are  supported  by  their 
loads,  which  makes  them  vulnerable  to  shock 
and  vibration.  The  long  type,  (D),  Is  usually 
niiiuntcd  on  printed-wiring  boards  with  the  long 
side  Hat  against  Uie  board,  and  should  be  held 
to Uic bo.ard  b;  soring  clips  or  wire  straps.  The 
flat,  button  type,  (E),  may  be  used  without  re¬ 
tainers,  if  mounted  on  a  printed-wiring  board 
'i-itii  the  leads  holding  the  iiase  tight  against  the 
Ivi.ard.  Doth  of  these  types  are  less  susceptible 
to  iailure  if  a  coating  is  used  to  make  the  board 
and  rithen  part-S  rigid,  TilC  coaling  makes 
U'.e  tr.'uisi.iior  adliere  to  Uie  licard. 


Proper  design  of  equipment  structure  can  mi¬ 
nimize  the  effects  of  shock  and  vibration,  and 
control  the  transmission  of  shock  and  vibration 
excitation.  The  mounting  structure  generally 
takes  the  form  of  a  rack  and  chassis.  Structu¬ 
rally,  the  rack-may  vary  from  a  simple  mount¬ 
ing  base  to  a  complex  construction  that  inte¬ 
grates  many  equipments;  the  chassle  may  vary 
from  a  sheet  metal  box  to  a  complex  casting. 
No  matter  what  form  the  rack  or  chassis  may 
take,  the  design  of  these  structures  is  essen¬ 
tially  a  matter-  of  providing  the  best  strength 
and  fiexibUity.  A  rack  or  chassis  that  is  too 


Truii.slormcr  Mounting.  In  many  cases,  a 
ti-.Tiisformcr  is~TJio  heaviest  part  on  a  chassis. 

1  lie  ti  aii.sfoi  i.icr  sliould  have  strong  brackets  and 
t'c  securely  mounted  wiUi  large  bolts.  Fre-™ 
qiiriiUy,  tlie  transformer  is  mounted  on  a  re¬ 
latively  flimsy  cliassis,  which  lowers  the  chas-  ,::u: 
sis'  resonant  frequency  to  a  point  where  It  is  in 
the  sluH'k  and  vibration  specti  uni.  Thus,  input  _ 
aci  derations  are  amplJied  by  Uie  chassis,  Uie 
l>''lls,  or  on  tJie  chassis  itself.  Careful  atten¬ 
tion  to  mounting  will  prevent  Uic  transformer 
Iroin  'nri’aking  loose. 


Capacitor  and  Rc.sjstor  Mnunting.  Mounting 
cat  .11  li  irs  anJ  rc.sislors  Uy  Uieir  leads  Is  a 
.‘n’lijile  and  economical  installation.  Comporionts 
n lOunted  liy  llioir  lead:,  are'  masses  supported 
I'V  reieiplc.'i  resilient  Ir  :i:ns  wiUi  lltUe  damping. 
:  I'l  iiJil  ,'iu(  ti  an  a.sseml  iy  be  I’xclled  at  its  re- 
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Fig.  5-46.  Fatigue  life  vs  natural  frequency  of 
lead-mounted  reslstor./lO/ 
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FIr.  5-47.  Proper  mounting  technique  for 
lead-mounted  capacitor  or  reslstor./lfl/ 


flexible  may  annplify  vibration  excitation;  one 
Uial  is  too  rigid  may  transmit  an  unnecessary 
amount  ci  .-fticck  cxr'tatlon. 


Doiiitm  Consldcration3./l9/ 

Slructureo  are  designed  to  withstand  shock 
and  vibration  forces  by;  (1)  crsitrolltTg  the 
response  of  the  structures  to  the  environments, 
(2)  giving  the  structures  the  proper  stress 
ciiaractcr’istics,  and  (3)  isolating  the  structures 
from  the  forces.  A  proper  combination  ci  these 

ib  geiici.iiiy  uaeu. 


must  be  of  a  low  value.  The  excitation  Is  a 
function  of  the"  environment  existing  at  the 
mounting  and  the  llexibllLty  of  tlie  structure. 

The  anticipated  environment  la  the  determin¬ 
ing  factor  In  designing  for  natural  frequencies 
of  the  mounting  system  and  equipment.  For 
setting  the  natural  frequencies  of  the  racks  and 
chassis,  the  following  rule-of-thumb  Is  useful; 
the  natural  freq'jf'nctes  should  be  no  less  than 
two  times,  and  preferably  three  to  lour  times, 
the  highest  frequency  of  the  excitation  source. 
This  source  will  be  either  the  Isolators  or  the 
airframe,  depending  on  whether  flexible  or  rigid 
mounting  la  used.  Oftenj  especially  In  mlssUee, 
the  excitation  frequencies  are  so  high  that  it  is 
Impossible  to  design  the  rack  and  chaocis  ci  2, 
rl^dly  mounted  equipment  so  that  Uic  natural 
frequencies  are  above  the  excitation  fi  equonct"8. 
In  this  case,  the  chassis  and  rack  natural  fre¬ 
quencies  should  be  in  a  range  where  tJie  accel¬ 
eration  levels  are  low.  and  the  chaasls  and  rack 
should  be  damped  to  limit  resonance  response. 
Damping  is  considered  part  of  the  protective 
system. 

The  number  of  structures  in  the  mounting  sys  ¬ 
tem  should  be  minimized.  Mailing  the  remain¬ 
ing  structures  as  rigid  as  possible  will  further 
Increase  t-hc  resonant  frequency.  Solidly 
mounted  equinment  must  be  hihereiiUy  rugged 
enough  to  withstand  the  shock  and  vibration  en¬ 
vironment  without  the  cushioning  of  Isolators. 
Ruggedlzatlon  can  be  Incorporated  Into  the 
equipment  by  numerous  conventional  techniques, 
as  well  as  by  special  metliods  such  as  embed¬ 
ment  and  m.'nlaturlzatlou. 


The  response  of  a  structure  to  shock  and  vi¬ 
bration  excitation  is  determined  largely  by  the 
excitation  freouency  and  resonance  charact.er- 
jr;tics  of  th«!  c^racture.  The  stress  character¬ 
istics  of  the  structuie  depend  on  the  choice  of 
itciterials,  type  of  structure  used,  and  stress 
dirttributioiis  resulting  Irom  manufacturing. 
O  .iy  stress  distribirtion  Is  covered  here,  since 
material  and  structure  characteristics  arc  part 
of  nifchanicai  engineering,  isolation  of  the 
blruc'urc  I’vrquirfes  UiC  use  of  an  auxLltary  pro¬ 
tective  oystem;  tliis  is  covered  later  In  a  se¬ 
parate  section. 

Heccnaiice  aff~cts  the  ma(piitude  of  the  load 
aj'pl'odto  r.  structure  and  its  transmission  cha- 
r.i'.teristics.  Any  shock  or  vibrational  the  res- 
sot;a:it  frequency  is  amplified  In  force,  causing 
an  iiierea.sod  chance  for  damage  and  coupling  to 
oUser  parts.  The  ratio  of  the  output  vibration 
amplitude  to  the  applied  vibration  amplitude  is 
krio'vn  as  transmi.usihilily.  -  Transmlssibllity 
c.m  be  ronsiderecl  a  magnification  factor,  and  Is 
greatest  aL  rc.sonance.  It  decreases  down  to 
un ity  laTow  resonance,  and  ran  Ixicome  less  thar, 
uiMty  alxjve  re.sonaiue,  Ttieretore,  structural 
parts  rTi()sen  sliould  be  tested  and/or  analyzed 
lo  deierminc  their  natural  Irequencles.  Since 
e.'Mural  Ireciuencie.*;  are  fixed  for  a  specific  ma¬ 
teria)  f out ii'.uralH'n,  the  magnitude  of  the  ex- 
(  ilati'in  reaihii.i',  tlie  parts  at  Itiose  freciuencles 


Rigidity  Factors 

Rigidity  In  a  oti  ucture  can  be  accomplished  by 
designing  the  structure  for  an  Inherent  stiffness 
an(l,wher-'  necessary,  adding  stiffeners  to  in¬ 
crease  the  rigidity. 

Inherent  Stiffness.  The  inherent  stiffness  of  a 
structure  depends  on  the  modulus  of  elasticity 
« the  material  and  its  cross-scctlonai  area  and 
shape.  The  modulus  ol  elasticity  values,  E,  foi’ 
several  materials  are  given  In  Table  R-12,  Ty¬ 
pical  cross  sections  of  structural  sliapes  are 
shown  In  Fig.  5-48.  These  shapes  are  available 


Tabic  5-lZ.  Moduli  of  Elasticity,  E. 
forVarlouB  Materials  /19/ 


Material 

E  (Ibs/ln.^) 

Aluminum- 

lO.Z  X  10® 

Magnesium 

6.1  X  10® 

Steel 

28-31  X  10® 

Brass  ~ 

13.4  X  10® 

Copper  _ 

14.6  X  10® 
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Fig.  5-47,  Proper  .tiountlng  technique  Xor 
lead-mounted  capacitor  or  reBl8tor,/19/ 


flexible  may  amplify  vibration  excitation;  one 
that  is  too  rigid  may  transmit  an  unnecessary 
amount  of  ahock  exc'tatlon, 

Design  Consldcratlons./19/ 

StructuroE  are  deslmed  to  withstand  ehock 
and  vibration  forces  by:  (1)  controllLig  the 
robpouse  of  the  structures  to  the  cnv»rcnmonw,j 
(2)  giving  the  structures  the  proper  stress 
cliaracteristlce,  and  (3)  isolating  the  structures  — 
from  the  forces.  A  proper  combination  trf  these 
is  genet  ally  uoed.  ~ 

The  response  of  a  structure  to  shock  and  vi¬ 
bration  excitation  Is  determined  largely  by  the 
excitation  frec^uency  and  resonance  character¬ 
istics  of  Uic  structure.  The  stress  character¬ 
istics  of  the  structure  depend  on  the  choice  o£ 
materials,  type  of  structure  used,  and  stress 
distributions  resulting  Irom  mamilacturing. 
O.'Jy  stress  distribution  Is  covered  here,  since 
material  and  structure  characteristics  are  part 

r\1  engineering,  fnolqtion  of  the 

structure  inquires  the  use  of  an  auxiliary  pro¬ 
tective  system;  this  is  covered  later  In  a  se¬ 
parate  section. 

Resonance  affects  the  magnitude  of  tlie  load 
applied i'>  ?.  '■‘picture  and  its  transmission  cha¬ 
racteristics.  Any  ahock  or  vibration  at  the  res- 
sonant  frequency  Is  amplltied  In  force,  causing 
an  mcreased  chance  for  damage  and  coupling  to 
other  pans.  The  ratio  of  the  output  vlbiatlon 
amplitude  to  the  applied  vibration  amplitude  is 
known  as  transmisslbillty.  Trans mlssibility 
(•,ui  be  considered  amagnlficationfactor.  and  is 
greatest  at  resonance.  It  decreases  down  to 
iiruly  below  resonance,  and  can  become  less  thar 
unity  aiiove  resonance.  Therefore,  structural 
liarts  clioscn  should  ix;  tested  and/or  analyzed 
to  determine  tlicir  natural  frequencies.  Since 
iritural  Irequencics  are  fixed  for  a  specific  ma- 
trri.al  conli[;uration,  the  magnitude  erf  the  ex¬ 
citation  rc.ac'hing  Uic  part.s  at  Uiose  frequencies 
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must  be  of  a  low  value.  The  excitation  is  a 
fimctlon  of  the  environment  existing  at  the 
mounting  and  tho  nexlblllly  of  Uie  structure. 

The  anticipated  environment  Is  the  determin¬ 
ing  factor  In  designing  for  natural  frequencies 
erf  the  mcunlliig  system  and  equipment.  For 
setting  the  natural  irequencles  of  the  racks  and 
chassis,  the  foUowlng  rule-of-thumb  Is  useful; 
the  natural  frequencies  should  be  no  less  than 
two  times,  and  preferably  three  to  four  times, 
the  highest  frequency  of  the  excitation  source. 
This  source  will  be  cither  the  isolators  or  Uie 
airframe,  depending  on  whether  flexible  or  rigid 
mounting  Is  used.  Often,  especially  In  missiles, 
the  excitation  frequencies  are  so  high  that  it  is 
Impossible  to  design  the  rack  and  ch£i><’la  of  a 
rigidly  mounted  equipment  so  that  tlie  natural 
frequencies  are  above  the  excitation  'ob. 

In  mis  case,  the  chassis  and  rack  natural  fre¬ 
quencies  should  be  In  a  range  wheie  tlie  accel- 
eratlonlevels  are  low,  and  the  chassis  and  rack 
should  be  damped  to  limit  resonance  response. 
Damping  Is  considered  part  ol  the  protective 
system. 

The  number  of  structures  In  the  mounting  sys¬ 
tem  should  be  minimized.  Mailing  the  remain¬ 
ing  structures  as  rigid  as  possible  will  further 
increase  the  _resonant  frequency.  Solidly 
mounted  equlnment  must  bo  Uiherently  rugged 
enou^  to  withstand  the  shock  and  vibratlm  en- 
vlrosiment  7;lthcut  the  cushioning  of  isolators. 
Ruggedlzatlon  can  be  Incorporated  into  the 
equipment  by  numerous  conventional  techniques, 
as  well  as  by  special  methods  such  as  embed¬ 
ment  and  mluUturlzation. 

Rigidity  Factors 

Rigidity  In  a  bU-ucture  can  be  accomplished  by 
deslgnlngthe  structure  for  an  Inherent  stiffness 
and,  where  necessary,  adding  stiff eners  to  in¬ 
crease  the  rigidity. 

Inherent  Stiffness.  The  Inherent  stiffness  of  a 
structure  depends  on  the  modulus  of  elasticity 
of  the  material  and  its  crosn-nectlonal  area  and 
shape.  The  modulus  of  elasticity  values,  E,  for 
several  materials  are  given  in  Table  5-12.  Ty¬ 
pical  cross  sections  of  structural  bimpcs  are 
shown  In  Fig.  5"48.  These  shapes  are  available 


Table  5-12.  Moduli  of  Elasticity,  E, 
for  VartouB  Materials  /19/ 


Material 

E(lbs/ln.®) 

Aluminum 

10.2  X  10® 

MagneaSutn 

6.1  X  10® 

steel 

28-31  X  10® 

Brass 

13.4  X  10® 

Copper 

14.5  X  10® 

Mjiaifi 


Angle  i-3eom 


Stondnrd  Wing 
Channel  Channel 


H-  B»an- 


Integral  Stiffener 
Stiffener 


Externol  Stiffener 


Fig.  5-48.  Typical  crosb  nectlonfl  of  structural 
shapes. /1 9/ 


Fig.  5-49.  Examples  of  chassis  stLtfeners./19/ 


tn  a  complete  range  of  sizes  and  materials. 
Their  desijpi  is  a  result  of  specialized  needs, 
generally  lo  give  the  proper  amount  of  stiffness 
in  each  dlrecMcn  ol  deflection  at  minimum 
weight. 


If  a  Ijeam  is  loaded  three  times  as  muchver- 
4  j f» n H y  no  jo  hoiH zcfitsilyi  witii  clcflsct** 

ions  in  each  direction,  then  it  should  be  three 
times  as  stiff  in  the  vertical  plane.  This  means 
Uial  Uie  moment  of  inertia  in  the  vertical  plane 
nuist  be  three  times  that  in  the  horizcntal  plane. 
A  square  "H-beam  fulfills  these  require¬ 
ments.  The  oilier  slructural-sliapcs  satisfy 
other  ratios  of  vertical-to-horizontal  stiffness. 


Structural  sections  should  be  oriented  so  that 
maximum  stiffness  occurs  in  the  plane  of  maxi¬ 
mum  excitation.  For  example,  since  an  ordinary 
chastla  18,  in  section,  nimtlar  to  a  cJiannel,  if 
the  major  excitation  ts  In  the  vertical  axis,  tJie 

tinct  rhoccic  orinntotlnn  in 
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Stiffeners.  Stiffeners  Increase Uie  natural  fre¬ 
quency  aoristrength  of  a  structure.  They  can  be 
btjU'.  integral  and  external.  Integral  stiffeners 
arc  fcirincd  Into  the  structure  when  it  is  made. 
The  stepped  chassis  shewn  in  Fig.  5-49(A)  is  an 
example  of  Integral  sttlfenlng.  The  riser  bet¬ 
ween  ttic  two  steps  is  bent  from  the  top  plate  of 
tlie  ctiassis  and  acts  as  a  stiffener  across  the 
widtli  of  the  chassis.  External  stlUeners  are 
beams  fastened  to  a  structure,  as  shown  In  Fig. 
5-4ti{i').  They  arc  located  where  needed  and 
may  lie  added  during  later  design  and  testing 
stages.  Tfie  fitmplesl  stiffener  ts  a  beam  placed 
ac  ross  Uic  width  of  the  structure,  on  either  the 
top  or  txitlom,  and  attached  to  the  structure 
along  tiie  length  of  the  beam.  The  point  of  max¬ 
imum  static  dcfleetton  for  a  uniformly  loaded 
or  cc,.tcrloadc(i  ciLassis  is  its  center.  A  beam 
across  itie  center  of  ttie  cliassls  provides  addt- 


Flg.  5-50.  Effect  of  cross-member  sUIfener 

'  on  box.- type  chasslB,/19/ 

Tlonal  stiffness  and  reduces  the  static  deflec¬ 
tion. 


The  amount  of  reduction  in  static  deflection 
wltli  the  addition  of  a  stiffener  can  be  estimated 
by  determining  the  stiffness  parameter  of  the 
structure  and  stiffener,  and  referring  tills  stiff¬ 
ness  parameterto  the  chart  shown  in  Ftg.  5-50. 

,Thta  chart  is  a  plot  of  stiffness  parameter  ver¬ 
sus  the  ratio  of  deflection  for  the  stiffened  and 
rinstlffcned  chassis.  The  curve  In  this  chart 
was  obtained  by  measuring  the  static  deflection 
ol  chassis  with  and  without  a  stiffener  under  a 
given  load. 
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Thf'stlflnofiH parameter's,  ts  a  dlmaialonleHH' 
qiiajiUly  and  Is  determined  by  an  empirically 
derived  loriiiula.  The  formula  Is;  ^ 

S  -  (1  +  Ae^) 

Db 

when:  S  =  stiffness  parameter,  cUmensloii-  _ 
leas 

E„  =  modulus  of  elasticity  of  stif¬ 
fener,  lb/in,2 

I  =  moment  of  Inertia  of  cross  sec- 
iiun  of  stiffener  about  axis 
through  centroid  (In.^)  parallel 
to  tup  of  chassis  _ 

A  =  croGs-sectlonal  area  d  atlffener,^. 
ln.2 

e  =  distance  from  centroid  of  stiffener” 
cross  section  to  center  of  thick¬ 
ness  of  top  of  chassis,  in. 

b  --  width  of  chassis.  In. 

D  =  rigidity  of  top  of  chassis,  Ib/ln. 


12  (I  -<r^) 

where  E,  =  modulus  of  elasticity  of  chassis, 

lb/in.2 

h  =  tlilckncss  of  top  of  chassis.  In, 

cr  =  Poisson’s  ratio  for  the  chassis 
material,  dimensionless 

Tt  should  be  noted  tliat  stiffening  a  structure  to 
raise  it.s  natural  frequency  le  not  a  cure-all  for 
ur.wanted  resonance.  In  some  cases,  stiffening 
may  lower  the  equipment’s  resistance  to  shock 
cxcitatior>.  so  that  a  compromise  may  be  neces- 
saiy  between  stiffening  and  some  other  means 
of  shock  and  vibration  protection,  such  as  dam¬ 
ping. 

Eticss  Dist '•j'-iutions 

The  stress  distributions  within  structural  ma¬ 
terials  have  a  decided  effect  on  how  much  shock 
and  vibration  the  structures  can  take.  In  a  plate 
tlialhas  no  bends,  cutouts,  or  sudden  changes  In 
cross  section,  the  ctress  is  distributed  along 
many  lines  narallcl  to  tliu  direction  of  stress. 
If  tlic  plate  is  bent,  perforated,  or  drawn  when 
l.'citig  lormcd,  these  stress  distribution  lines 
have  to  pass  through  or  arcxind  the  deformation. 
This  results  in  stress  concentrations,  which  tend 
to  im  rease  tlie  deleterious  cflects  cd  shock  and 
vil'ration  forces. 

Ktress  eon  c  ent  rations  can  t>e  mlnlmlzedby  (1) 
n.aking  sliced  metal  bends  gencrcas  and  pro- 


Defore  Bending 


iVfl 


Formed  Chassis 


I'lg.  5-51.  Enlargement  of  slot  ends  to  reduce 
stress  concentrations  at  comere./19/ 


perly  formed,  (2)  providing  bend-relief  at  cor¬ 
ners,  (3)  filleting  at  all  changes  in  cross  section, 
(4)  avoiding  sharp  cornered  cutouts  and  notches, 
and  (5)  planning  hole  shape  and  location  with  a 
view  toward  their  effects  on  floxlbUlty  and  , 
strength. 

Sheet  Metgi  Bends.  Large  bend  radii  reckice 
the  llkeiihMd  ^  stress  ciXicentraUone  and  of 
surface  cracks  due  to  forming.  Because  of 
practical  reasons,  bends  cannot  always  be  made 
large,  but  they  should  be  greater  than  certain 
minimum  values.  A  safe  niie-of-thuoib  tor 
common  slieet  stock,  such  as  aluminum  and 
steel,  is  to  make  the  bend  radius  about  four  to 
six  times  the  thickness  of  the  msUerlal.  The 
minimum  safe  radii  for  specific  materials  are 
glvei  In  tables  of  sheet  metal  bend  radii  In 
standard  handbooks  on  metals. 

Enlargement  of  the  ends  of  slots  prior  to  bend¬ 
ing  sheet  metal  into  a  structural  shape  such  as 
a  chassis,  reduces  stress  concentrations  at  the 
bent  corners.  This  also  lesscsis  the  chances  of 
cracking  at  the  corners,  especially  where  two 
bends  arc  made  close  to  each  other.  This  is 
shown  in  Fig.  5-51. 

Forming  Techniques.  If  sheet  metal  la  formed 
on  a  brake,  the  metliod  of  gripping  the  metal 
determines  the  strahi  produced  by  bending. 
When  Uie  sheet  Is  bent,  stretching  occurs  mainly 
along  the  surface  Indicated  in  Fig.  5-52(A).  An 
alternative  vise  shape,  shown  in  Fig.  5-52(D), 
uses  inserts  to  restrain  but  not  to  grip  the  sheot. 
The  same  iadlus  Is  obtained  on  bending,  but 
stretching  is  distributed  over  a  greater  length, 
t’lus  reducing  the  chance  of  cracking  at  the  out- 
side  surface  of  the  licnd.  Another  good  method 
of  shaping  structures  from  sheet  metal  Is  by 
hydroforming.  Pressure  behind  a  diaphragm 
forces  the  sheet  stock  onto  a  die.  The  hydraulic 
methocl  gives  equal  pressure  at  all  points,  dis¬ 
tributing  stresses  uniformly  over  the  sheet. 
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Fif;.  5-52.  Vise  insert  rflstrlbutes  bending 
stresses  over  greater  8urface./19/ 


Viscous  Damping.  Viscous  damping  results 
li'Uiii  liie  opposing  loree  Uial  a  fluid  geiierales 
to  resist  a  change  in  motion.  All  fluids  have  an 
internal  friction  that  rcsisi-  illative  motion 
between  particles.  As  a  fluid  flows  over  a  sur¬ 
face,  such  as  the  walls  of  a  lube,  the  fluid  part¬ 
icles  in  contact  with  the  surface  tend  to  remain 
at  rest,  and  the  velocity  of  flow  increases  with 
the  distance  from  the  surface.  Considering  the 
fluid  to  consist  of  layers,  there  Is  an  apparent 
friction  between  adjacent  layers.  Viscosity  Is 
the  term  used  in  designating  the  amount  of  this 
internal  friction.  In  a  viscous  fluid,  the  rate  of 
velocity  with  tlie  distance  is  proportional  to  the 
force  per  unit  area  parallel  to  tlie  direction  of 
flow.  This  maj'  be  ej^ressed  as  follows; 


where:  ^  =  shearing  stress  on  fluid 


Cutouts.  Cutouts  for  parts  wiU  not  weaken  a 
structure  very  much  If  only  a  small  portion  uf 
the  metal  is  renioved.  The  hples  should  not  be 
aligned  in  cuch  a  way  as  to  "hinge"  the  ma¬ 
terial,  Uius  making  it  more  flexible,  nor  to 
perforate  it  so  that  it  tears  readily. 


I'rotcctiyc  Isolation  System/ 19/ 

In  many  cases,  shock  and  vibration  forces  are 
so  severe  that  tt  is  not  practical,  from  a  size 
and  weight  standpoint,  or  even  possible  to  de¬ 
sign  an  equipment  structure  to  withstand  the 
environmetit.  In  such  cases,  an  isolation  sys¬ 
tem  must  tje  used  to  bring  the  environmental 
lorccs  within  tolerable  limits.  The  isolation 
system  should  l>r  -sed  at  the  shock  and  vibration 
source  to  minimize  the  environmental  problem 
for  oUier  equipments,  and  at  Uie  susceptible 
cquTiucnt  to  bring  the  forces  to  within  levels 
Uiat  c?n  be  wlthstc^. 


V  =  relative  velocity  between  lay¬ 
ers 

proportionality  constant  (coef- 
flcletit  of  vlBcoelty) 

The  vfscosftfes  of  several  liquids  are  gh/cn  in 
—  Table  5-13.  The  severe  changes  In  viscosity 
produced  by  a  moderate  increase  in  temperature 
should  be  noted.  For  flight  vehicle  use,  fluids 
~  that  undergo  a  minimum  change  In  vlscosltv  with 
temperature  changes,  such  as  the  silicone  fluids, 
should  be  selected. 

The  type  of  device  that  uses  viscous  absorption 
oi  shocK  and  vibration  is  similar  to  that  des- 
■“  crlbed  later  for  aTr  damping. 

Hystcresle  Dajmplng.  HystereelB  damping  is 
the  result  oX  the  gradual  dissipation  of  energy 


Equipment  is  usually  insulated  from  shock  and 
vibcalion  bj  shock  arid  vibiatiou  isulalurs. 
Damping  is  often  used  to  reduce  the  peak  am- 
piilications,  ar.d  special  stabilizers  are  used  in 
instances  wlierc  unstable  configurations  are  In¬ 
volved. 

Datupmg 

Damping  is  used  to  reduce  shock  and  vibration 
amplitudes  Ijy  dissipating  some  of  Uie  energy  In 
the  form  of  heat.  In  addition,  damping  reduces 
rvs'iriaiil  tendoncics  of  structuri  members, 
lour  types  of  damping  are  used:  vIscoub, 
liystermsis,  friction  and  air.  Viscous  damping 
ri'Hidts  from  tlie  displarcment  of  fluids.  Hys¬ 
teresis  damping  is  cau.sed  by  energy  losses  in  a 
t  yi  lically  stressed  matortal.  Friction  damping 
is  Die  result  ol  tlie  sliding  resistance  of  two 
<  ruitaclinf'  suifaces.  Air  damping  is  caused  by 
the  displac  ement  ol  air,  and  is  a  form  Of  viscous 
(l.iiripiiii;. 


Table  5-13.  Coefficients  of  VlHCOslty  for 
Various  Liquids  /l»/ 


■ 

Liquid 

Temperature 

F  (C) 

CoeUicient 
of  viscosity 
(dyne-sec/cm^) 

Water 

68  (20) 

0,01 

Light  machine  oil 

60  (16) 

1.14 

100  (33) 

0.34 

Heavy  machine  oil 

60  (16) 

6.C1 

100  (39) 

1.27 

Motor  oil,  8AE  30 

60  (10) 

3,62 

100  (39) 

0.89 

Glycerine 

66  (20) 

8.60 

Castoi  oil 

68  (20) 

9.80 
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fiiat  occurs  within  a  flexing  bcxJy  due  to  Im- 
|i(;rfcrtinnfl  in  the  clastic  properties  of  matcr- 
iais.  In  a  perfectly  elastic  material,  alraln  Ifi 
pr'iporiionai  to  stress,  and  the  strain  energy  Is 

recovered  fully  at  eacl)  removal  of  stress.  In  a _ 

material  Uiat  is  not  porfoctly  elastic,  the  strain 
energy  Is  not  recovered  fully  at  each  removal  _ 
of  stress.  The  energy  lost  is  due  to  hysteresis  ~ 
and  is  oisrtlppted  in  the  form  of  heat. 

The  damping  capacity  of  a  material  la  the  ratio 
of  L*ic  hysteresis  energy  loss  per  cycle  of  stress 
to  the  full  strain  energy  at  the  maximum  stress 
of  the  cycle.  The  energy  loss  per  cycle  due  to 
datnpLng  le  given  by  the  difference  In  amplitude 
between  Immediately  successive  cycles  of  oa- 
cUlatton.  The  amount  of  damping  afforded  by 
hysteresis  ip  small,  and  It  la  common  to  expreos 
it  in,  tenns  of  an  equivalent  viscous  damping 
ratio.  If  the  transmlsslblllty  at  resonance  Is 
known,  the  equivalent  damping  ratio  can  be  ob¬ 
tained  from  Fig.  5-53  from  the  approximate 
formula: 


-£_  =  damping  ratio 
T  =  transmlsslblllty 

V.'htle  It  is  common  to  express  hysteresis  dam¬ 
ping  In  termo  Lc  equivalent  viscous  damping,  the 
viscous  damp;ri6  formulas  are  good  approxima¬ 
tions  for  hysteresis  damping  only  with  small 
d.'iinplng  values.  The  more  exact  expressions 
for  transmlsslL'Ulty  at  resonance,  and 

logarithmic  decrement.  A,  are:  ’ 

T  1  + 

’  jjax  =  - r - 


2h 


Tabu  5-14.  Approxlinate  Hyatereaiu  Value* 
for  Varloua  MateriaU  /19/ 


Material 

Hysterbals 

ooefflolcnt 

(h) 

Kqulvalont 
vi-iCOUS 
d«  .ipiog 
ratio 

Steel 

0.01 

0.0005 

Rubber,  30  durometer 

0.U4 

0.02 

Rubber,  00  durometer 

0,16 

o.oe 

Neoprene 

0.12 

O.CG 

Buna 

0.40 

0.20 

Sllloone  rubber 

0.2S 

0.11 

Cork 

0.13 

O.OMl 

where  h  Is  ahysteresls  damping  coefficient,  and 
for  small  values  hd.2C  . 


Table  5  -14  gives  approximate  hysteresis  values 
for  various  materials.  Rubber,  esMcially  syn¬ 
thetic,  Is  a  commonly  used  material  in  isolation 
mounts  because  of  its  relatively  high  damping 
coefficient.  AlUkough  cork  is  a  good  damping 
agent.  It  is  seldom  used  In  airborne  applications, 
since  It  is  subject  to  a  wide  variety  ot  phyaicax 
properties,  depending  on  its  use  and  age.  For 
Isolator  uses,  sulficlenl  damping  Is  provided 
the  damping  characteristics  oil  the  material. 
Extradamping,  such  as  friction  damping,  is  re¬ 
quired  In  many  other  instances  to  dissipate 
adequately  the  energy  passed  Into  the  mounting 
system. 


Friction  Damping.  Frlctlcn  Is  the  force  which 
acts  between  the  exacting  surf  aces  of  two  ob- 

Iects  and  tends  to  resist  their  eliding  motion, 
f  the  resistance  to  sliding  prevents  motion  of 
one  object  relative  tp  the  other,  it  is  called 
static  frictiou.  If  the  resistance  opposes  tlie 
motion  of  two  moving  object^  It  is  called  kinetic 
friction.  The  force  required  to  overcome  static 
friction  la  given  In  the  equation  lor  u>.e  coef- 
ficier.t  of  static  friction: 


kbhere:  F  the  force,  applied  in  tlie  direc- 

”  lion  of  motion,  Just  sufficient 
to  start  the  object  moving 

C_  » the  coefficient  of  static  frlc- 
”  -  tioQ,  which  la  a  constant  for  a 
given  pair  of  substances  under 
given  conditions 


I'li;.  5-53.  'I'ransmlsslbillly  at  resonance  as  F  >=  the  force  pressing  the  friction 

lum  lion  of  (hiinplng  rallo,/19/  ..surfaces  togetlier 
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yinill.irly,  a  force  F((,  required  to  m  yve  an  ob¬ 
ject  with  uniform  speed  acalnst  friction,  Is  de¬ 
fined  by  the  equation: 


where;  Cy  Is  the  coefficient  of  kinetic  friction, 
ff  Cs  l8  eqb;'.l  to  Cj^,  the  frictional  force  is  de¬ 
fined  as  coulomb  friction.  Normally  friction 
materials  do  not  provide  a  constant  friction 
force  since  the  static  friction  does  not  equal  the 
kinetic  friction.  However,  In  the  usual  mathe¬ 
matical  treatment  of  friction  damping.  It  is  as- 
Eumed  that  the  frictional  force  is  constant,  re- 
gardJess  of  the  position  or  velocity  of  the  vi¬ 
brating  mass. 

vv'itn  coulomb  damping,  the  reduction  In  am¬ 
plitude  In  successive  cycles  Is  a  constant  quan¬ 
tity  and  Is  given  by  the  equation; 

AX  =  4F/k 

where:  AX  =  tJie  reduction  In  amplitude  per 
cycle 

F  -  the  friction  force 

k  -  the  spring  constant  ■“ 

Since  the  damping  force  is  constant,  this  type  of 
damping  should  not  be  used  In  a  system  that  Is  ’ 
excited  at  rcsop.ajncc,  un.lcBS  the  driving  force 
is  kjiowii  U)  be  less  Uian  Uie  frictional  force.  If 
the  reverse  sl'.uatlon  exists,  the  amplitude  wUl 
increase  In  successive  cycles,  tlieoretlcally,  to 
infinity.  „ 

The  amount  of  necessary  damping  can  be  de- 
termlncd  using  Fig.  5-54,  and  plotting  the  max¬ 
imum  permissible  transmlsslbillty  desired  _ 
against  Uie  spnng  constant.  For  example.  If  the 
equipment  weighs  20  pounds  and  causes  the  Iso¬ 
lator  on  which  It  Is  nrounted  to  deflect  1/2  lnd», 
the  spring  constant,  k,  Is  40  pounds  per  inch.  If 
til.'  maximum  transmlsslbUlty  Is  to  Ire  2,  Uie 
r;Ulo  of  damping  force  to  spring  constant  must 
lie  between  0.00875  and  0.01275.  To  provide 
this  ratio,  tnc  damping  force  must  be  between 
0,35  and  0.51  pound.  Friction  dampers  are 
avail alilc  tliat  prx)Vlde  a  damping  force  of  from 
0.20  to  10.0  po'mds, 

Air  PaiTipir.g.  Air  damping  results  from  the 
direct  traiislcr  of  energy  from  a  vibrating  sys¬ 
tem  to  ail'.  In  reality,  air  damping  Is  a  form  of 
viscous  clamping.  At  room  teinperaturo,  air  has 
r.tjoul  l/501hthe  viscosity  of  water  and  Uie  dam¬ 
ping  obtained  Is  small  compared  lo  other  forma 
of  viscous  damping;  tlicrefore,  a!r  dampers  are 
prcfeiTcdoverfrictlori  or  viscous  dampers  only 
ioj  isolating  iigtitwclght  components. 

A  vibral  ing  <jbjcct  surrounded  by  air  has  forces 
Imposed  on  it  tiy  the  air  juid  these  forces  are  In 
a  (lircc lion  opposed  to  the  velocity  of  Uic  object. 

I- or  tree  vlljcatlon,  air  daniplng  producies  a  lo- 
gar  itlirnic  decrement,  as  do  byHlcreslB  and  vis- 
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constant  plotted  against  transmlsslbUlty ./l«/ 


cous  damping.  For  forced  vibration,  the  dam¬ 
ping  force  is  proportional  to  the  square  of  the 
velocity  oi  the  support.  Air  damping  is  usuaUy 
stated,  for  convenience,  In  terms  of  an  equlv- 
alent  viscouc  damping  value.  Computing  the 
equivalent  damping  of  an  air  damper  is  extreme¬ 
ly  difficult  due  to  the  number  of  variables  in¬ 
volved.  The  equivalent  damping  value  Is  ob¬ 
tained  by  measuring  the  maximum  transmis- 
BibUlty  at  resonance  of  a  vibratory  system  con¬ 
taining  the  damper.  The  greater  the  damping 

i’Vm  fK.v  fr  i*nn  a  m  (  ci  a  i  I  f  f 
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If  tlie  transmlsslbUlty  value  is  known,  tlie  equiv¬ 
alent  damping  value  can  be  obtained  ircm  1  ig. 
5-53. 

A  useful  type  of  air  damping  system  is  Uie 
orUlced  dashpot.  This  typo  of  air  damping  sys¬ 
tem  does  not  depend  on  air  viscosity  ^onc, 
since  adiabatic  characteristics  and  turbulence 
enter  Into  Us  operation  and  make  It  far  super¬ 
ior  to  free  air  damping.  Such  an  air  damping 
system  is  shown  in  Fig.  5-55.  The  damper  Is 
composed  of  a  piston  that  fits  tightly  against  the 
waUsof  acyllnocr  Uiat  has  two  holes  In  its  head. 
When  moved  by  vibration,  the  piston  causes 
pre.ssure  changes  within  the  cliamber  that  force 
air  through  Uie  holes. 

Air  damping  is  Incorporated  into  Isolation 
mounts  by  means  of  a  bellows  Uiat  forces  air 
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Fig.  5-55.  Basic  air  damijlng  flyatem./lO/ 


Uirough  a  hole  as  the  bellows  Is  distorted  Iw  the 
relative  -action  between  the  support  aJKi  the 
moiu.tcGequipment,  The  force  required  to  mo-o 
tlic  air  tlirough  the  hole  Is  lost  by  the  system 
ancllirnits  the  amplitude  at  resonance.  A  rubber 
bellows,  sealed  except  for  a  hole,  la  effective 
for  motion  In  both  vertical  and  lateral  direct¬ 
ions.  As  the  mass  on  the  damper  moves  down 
or  as  the  support  moves  up,  the  bellows  flattens 
and  its  volume  decreases.  This  Increases  the 
pressure  inside  the  damper,  and  air  Is  forced 
out  tJirough  the  hole.  As  the  mounted  object 
moves  up,  ttie  volume  of  the  bellows  Increases 
and  air  is  pulled  In  Uirough  the  hole.  With  lat¬ 
eral  movement  of  the  mounted  object,  the  bel¬ 
lows  is  distorted,  also  resulting  In  pressure 
dilforenllals  .'tod  the  movement  of  air  in  and  cut 
of  the  bcUcAvs, 

The  volume  and  the  wall  thickness  of  the  bel¬ 
lows  arc  critical  In  the  design  of  an  air  damper. 
If  tiio  walls  of  the  bellows  are  Uiln,  they  wUl 
stretch  wlien  ttiere  is  a  pressure  buildup.  The 
amount  that  the  bellows  will  distend  determines 
the  ability  of  the  damper  to  absorb  shock.  The 
Uilckcr  Uie  walls,  Uie  higlier  the  shocii-trans- 
mlssion  tac.,T, 

It  shouifilK!  realized  that  air  damping  normally 
lia-s  aJtitude  limitations  and  cannot  be  used  at 
ostrcincly  hljth  altitudes  or  in  outer  spac*^,  un- 
lc.ssiiis  employed  wiUiin  pressurized  compart- 
iTicnts. 
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For  example,  Buna  N  nnd  Neoprene  maintain 
their  elastlelty  and  tensilfi  elreneth  at  higher 
temper ahires  than  does  natuial  ntbber,  and  arc 
less  likely  to  deteriorate  whim  exposed  to  oU. 

The  deflection  of  a  rubber  Isolator  increases 
wlUi  time  under  continuous  loading,  especially 
at  high  temperatures.  The  slow  distortion  Is 
Imown  as  drift  or  plasUc  flow.  Iri  an  airborne 
environment  where  motion  space  Is  limited, 
drifting  can  eventually  result  In  "bottomlnt'" 
of  the  isolators  during  high  amplitude  vibration. 
For  a  well  designed  inibber  mount,  toe  loading 
should  be  conservative  enough  to  eliminate  this 
danger. 

There  are  two  general  types  of  cotl^,tractlon 
for  rubber  Isolators;  open  and  cup  types.  The 
open  type  consists  of  a  molded  rubber  lorm 
tended  to  a  metal  mounting  flange  and  a  core. 
The  core,  which  is  a  cylinder  in  the  center  of 
the  isolator,  also  is  metal  and  attaches  to  the 
equipment. 


The  cup-type  Isolator  has  the  rubber  r  esilient 
element  enclosed  In,  and  bonded  to,  the  cup, 
which  acts  as  a  housing.  The  core  also  la 
bonded  to  the  rubber.  This  Isolator  has  an  ad¬ 
vantage  over  the  open  type  In  that,  even  with 
complete  failure  of  the  resilient  element,  the 
cup  siaCi  cocc  •’.'Hi  hcsld  c^uipcicnt  ccptivc. 

Metal-Snrlna:  Isolators.  Mctal-sprlng  Iso- 
lators  have  both  advantages  and  disadvantages 
compared  to  rubber  Isolators.  Metal  springs 
do  not  drift,  are  least  affected  by  temperatures 
found  In  flight  vehicle  environments,  and  toelr 
service  life  is  relatively  long.  Metal-spring 
isolators  require  auxiliary  damping  devices, 
which  may  consist  of  vented  air  sacks,  friction 
elements,  or  m<Aai  mesh.  Metal  mesh  is  a  non¬ 
linear  spring-  of  knitted  wire  damped  by  the 
friction  between  the  interlocking  wire  loops.  In 
some  applications,  mesh  is  used  simply  as  a 
friction  element  and  bears  no  load.  In  others, 
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the  major  portion  of  the  load  in  addition  to  pro¬ 
viding  damping. 
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Vlurniiun  laolators 

l.solatore  'ieed  for  alrtw'rnc  equipment  may  be 
caicgorlzed  according  to  Uic  construction  and 
maleiiiJ  ubccl  In  tiic  rcsUlcnl  element.  The  rc-„. 
eilieiit  cleirienl  can  be  rubier,  a  coll  spring, 
woven  met;il  mesh,  or  a  comb  nation  of  coll 
.spring  and  woven  metal  mesh.  The  construclr 
ioiiof  ttic  Isolator  will  result  In  a  certain  spring 
rate  tiiat  wLU  largely  determine  Its  perform¬ 
ance. 

Ki)l)li(;r  Isolators,  Riiliber  has  long  been  used 
in  isolators,  ."uid,  until  World  War  11,  practic¬ 
ally  all  viliration  Isolators  were  made  of  natu>-al 
niliber.  The  scarcity  of  natural  rubber  during 
(he  war  rc^sultcd  In  the  use  of  syntliellcB.  The 
syiitbctlcH  possessed  qualities  that  for  special 
applications  were  superior  to  natural  rubliors. 

5-4?, 


Metal-spring  Isolators  are  also  available  In 
open  and  cup  types.  The  open  type  uses  metal 
mosh  as  the  resilient  element  to  Include  dam  ¬ 
ping  action  In  the  Isolator  performance.  Since 
there  Is  no  cup,  It  Is  difficult  to  provide  dam¬ 
ping  by  other  motoocls.  The  cup  types  use  elthex 
coLl  springs  or  metal  mesh,  or  a  combination  of 
too  two,  as  tlie  resLlIerit  clement.  Figure  5-56 
shows  an  example  of  an  all-metal,  cup-type 
Isolator  that  lises  metal  rnesh  as  the  friction 
damping  element,  A  hollow,  finger-shaped  metal 
mesh  rubs  against  the  Inside  surface  of  tlie  core 
and  against  toe  colls  of  toe  load-bearing  spring 
during  movement  of  the  core.  The  metai  mesh 
boars  no  load  and  furictlons  strictly  as  a  friction 
element.  Top  and  bottom  snubbing  arc  provided 
by  a  metal-mesh  pad  fixed  on  toe  flange  of  toe 
core. 


Core 

SMefol-Mesh  Friction  Element 
Snubber  ^ 

Load-Bearing  Spring 


Fic.  5-56.  All- metal,  cup-twe  vibration 
l.solator  with  metal  mesh  as  iriction  ele¬ 
ment, /1 9/ 


FI  nc't  iGolators 

Sliock  isolators  have  stUfer  springs  than  vi¬ 
bration  l.soJato.  t',  tlierelore,  have  a  higher 
natiirrii  frequency.  The  resilient  elcraenta  of 
shock  isolators  are  always  nonlinear,  while 
some  vibration  isolators  use  linear  springs. 
Taiile  5-1.5  compares  some  of  tlie  character¬ 
istics  of  shock  Isolators  and  vibration  isolators. 
Shoc  k  isolators  are  used  to  mount  equipment 
v.'hon  the  anticipaterl  environment  Is  such  that 
ylbi  aiiuii  litiigue  is  less  a!i(U.atulo  tli6  equip¬ 
ment  tlian  is  shock. 


Shock  Isolators,  as  descrilxid  in  Table  5-15, 
are  not  used  In  protecting  equipment  In  mannea 
flight  vehicles.  Under  hlgh-amplltude,  low- 
Jrocj’jcncy  vibrstlcrij  bhc  of  shock  IsoifttOi'S 
can  be  more  detrimental  to  the  equipment  than 
rigid  mounting,  Vlicrc  severe  shock  Is  ejq>ected 
in  conventional  aircraft,  devices  that  are  pri¬ 
marily  vibration  Isolators  are  modified  for 
protection  against  shock.  Some  shock  protect¬ 
ive  features  of  vibration  isolators  are  stlffer 
linear  springs,  nonlinear  springs  and  damping. 


Shock  I.solatnr.s  Vibration  Isolaicra.  /20/ 
V)  brat  Ion  isolators  are  ineffective  against  shock, 
while  shock  isolators  do  not  protect  equipment 
fjom  vibration  frequencies  below/^ times  the 
i,solatoi’3  fundamental,  which  Is  normally  the 
nifjher  frequencies,  ConsequonUy,  the  selection 
ol  tlie  proper  isolator  depends  on  the  frequency 
and  uiai.Titude  of  Uic  mccl.anlcal  excitation  and 
freigiently  requires  a  compromise  tliat  wUl  best 
.'ialisfy  ttic  conflicting  requirements.  Neither 
shiK'k  nor  vibration  isolators  are  effective 
agauist  acoustic  no'sc  excitation. 


'J  yi)ical  curves  for  tlie  vibration  amplitude  of 
i.' ulatioii-iiiounled  equipment  when  subjected  to 
an  L.ilcrnal  forcing  frequency  are  shown  In  Fig. 
5-57.  Cut  VC  A  stiows  the  response  of  equipment 
on  soil  vitiralion  isolators  liavtng  a  naturad  fre¬ 
quency  ol  8  cp.s.  and  curve  13  siiows  equipment 
iiiouiitcd  on  .sliil  shock  isolators  with  a  natural 
fi'qucney  of  25  cp.s.  Isolator  A  wltfi  a  natural 
ii'  fmrncy  oi  H  cp.s,  lx.'gin.s  to  isolate  at  about  12 
cy<fe.',:  \i.)}ci  nas  isoialoc  D,  wlUi  a  natural  fre- 
quciif  Y  ui  25  I  |)S,  begins  isolation  at  about  35 
(  ps.  Tlojrefore,  to  protect  against  frequenclcfl 
i)'  low  5  )  (  ps  a  .suit  i,s<jlator  ol  tlie  A  type  Is  re- 
qoii  cd. 


Table  5-15.  CharactcrletlCB  of  Shock  iBolaiora 
Compared  to  Vibration  Isolators  /lO/ 


shock  Isolatora 

Vibration  tBolatorn 

20-40  cps  natural 
frequency. 

7"25  epe  natural 
frequency. 

RealUent  elementB  tire 
highly  nonlinear. 

RealUent  elements  are 
linear  or  nonlinear. 

Natural  frequency 
changes  with  high 
aiiipUludo  vibralioo.~ 

Natural  frequency 
changes  little  or  not  at 
all  with  high  ampUtudo 
vlbratloh. 

Very  little  provislonTor 
equipment  movement. 

Provision  for  equipment 
movement. 

10  20  30  40 

Frequency , cps 


50 


60 


Fig.  5-57.  Response  curves  for  two  types  of 
lBoiatorB,/20/ 


The  nature  of  shock  can  lie  visualized  by  con¬ 
sidering  Uiat  Uio  support  to  v/hlch  the  equipment 
is  attached  suddenly  acquires  a  hlgl’  velocity. 
The  mounted  equipment  ’  must  move  with  the 
support  at  substantially  the  same  velocity  and 
displacement.  By  interposing  resilient  shock 
isolators  Ijelv/een  Uie  support  and  tlie  equip¬ 
ment,  a  longer  period  Is  aliowed  for  the  nccel- 
crations,  and  fortes  on  Uio  equipment  are  re¬ 
duced.  Energy  Is  transferred  to  the  equipment 
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Fi^.  5-S8.  Forfp-deflfictlon  curves  for  same  -- 
isolators  as  In  Fig,  5-57, /20/ 


to  bring  its  velocity  up  to  the  velocity  of 
support.  This  energy  is  Iranblelieu  thiough  uis 
isolator,  which  stores  the  energy  for  a  short 
time,  and  then  transmits  It  to  the  equ^ment. 
Tfic  amount  ol  energy  transferred  depends  upon  , 
the  weight  of  tlie  equipment  and  the  nature  of  the 
siiock;  it  is  virtually  Independent  of  the  char¬ 
acteristics  of  tne  isolatorr  — 

Curves  A  and  D  In  Fig.  5-58  represent  the 
force  d'iflcc' -on  curves  of  the  same  Isolators  as' 
in  Fig.  5-57.  II  the  distance  R  represents  the 
amount  the  isolator  can  deflect  under  a  shock 
force,  the  area  under  the  force-deflection  curve 
to  the  deflection  R  represents  the  energy  stored 
by  tlie  isolator.  If  the  same  equipment  is  sub¬ 
jected  to  identical  snocks  when  mounieu  uii  iso- 
lat'TS  of  two  different  types,  A  and  B,  then  the 
weight  of  the  equipment  and  shock  of  the  support 
in  Doth  cases  are  the  same,  and  the  area  under 
curves  A  and  B  are  the  same.  For  rm  equiva¬ 
lent  area,  the  curve  for  isolator  A  must  reach 
a  greater  peak  force  than  the  curve  for  Isolator' 
B."  Therefoi’e,  greater  shock  is  transmitted 
through  the  Isolator  to  Uie  equipment.  The 
gradual  increase  of  force  that  Is  characteristic 
of  isolator  B  makes  It  possible  to  attain  the 
samofirea  witliout  reaching  as  great  a  maximum 
force.  To  achieve  tlie  lesser  force  of  curve  B, 
Uiis  isolator  has  a  hlglier  Initial  stiffness  than 
isolator  A,  and  can  only  Isolate  the  relatively 
liigher  frequencies  of  vibratlou. 


Selection  of  Isolators  /19/ 

Isolalors  are  selected  on  the  basis  of  the 
weiglil  tliey  will  supfKTt,  tlie  type  of  mounting 


system  used,  the  critical  frequeiKles  of  the 
equipment,  and  the  shock  and  vlJiralion  excita- 
tlor  they  are  requli'ed  to  Isolate  and  be  able  to 
■withstand.  The  'weight  of  the  equipment  and  the 
desired  natural  frequency  determine  the  spring 
rate  o4  the  isolator.  Figure  5-59  Is  a  graph 
from  which  the  spring  rate  for  a  linear  Lsolator 
can  be  selected  that  gives  a  system  natural  fre¬ 
quency  for  a  given  equipment  weight. 


The  spring  constant  of  each  isolator  in  a 
mounting  sy^em  can  be  equal,  or  not,  depending 
upon  the  confl^ration  of  the  equipment  and 
whether  decovqillng  vi  vibratory  modes  Is  de¬ 
sired.  If  the  center  of  gravity  Is  such  that  the 
load  on  each  Isolator  Is  eaual,  then  all  spring 
constants  are  equal.  When  the  center  pf  gravity 
results  in  an  unequal  distribution  ol  weig.ht  to 
the  Isolators,  then  adjustmesits  cu.  tx’  mp'i-?  In 
the  spring  constants  so  that  decoupling  la  ob¬ 
tained  within  the  mounting  system. 


Mounting  System.  The  type  of  mounting  sys- 
tem  used  Iniluerices  the  Isolator  horlzcntal-to- 
vertlcal  stiffness  ratio.  For  example.  In  un¬ 
derneath-  and.  Inclined-Isolator  mounting  sys¬ 
tems,  the  horlzontal-to-vertlcal  Btlffnesses  are 
different  for  maximum  system  effectiveness. 
In  the  center-of  "gravity  and  double-side  mount¬ 
ing  systems,  equal  stiffnesses  are  used  in  the 
horlzcntal  and  vertical  directions.  Mounting 
systems  are  -discussed  In  a  later  paragraph. 


Fragility  Level  or  Critical  Freguenclea  of.an 
Eaulpmmn  Isolators  reduce  the  vibration  ex¬ 
citation  to  a  level  that  can  be  reliably  tolerated 
by  tho  equipment.  The  fragility  level  of  an 
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Fig.  0-59.  Natural  frequency  an  function 
of  spring  rate  for  mass  supported  by 
linear  springs./ 19/ 
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Fi|;.  5-60.  Use  of  equipment  fragility  curve 
for  selecting  isolators  to  modi/y  vibration 
environment./ 19/ 


equipment,  tJiat  la,  tlie  maoclmum  levels  at  vi¬ 
bration  at  discrete  frequencies  that  the  equip¬ 
ment  can  withstand,  must  be  kept  eufliclentiy 
above  tJie  level  of  the  vibration  environment. 
Figure  5-60  shows  how  vibration  Isolators  ac¬ 
complish  this  objective.  The  three  levels  shown 
are  the  fragility  level,  the  level  of  vibration  ex¬ 
citation,  and  tiie  lev^  of  vibration  reaching  tho 
equipment  through  the  Isolators. 


The  equipment  fragility  level  Is  high,  Uiat  Is, 
less  apt  to  tail,  at  frequencies  below  40  cps. 
Vibration  ii  normally  at  a  low  level  below  50 
cps,  and  at  th'-s  point  lailure  Is  possible. 
ure  le  also  |)Ossible  at  all  the  higher  frequen¬ 
cies.  Mounting  tho  equipment  on  Isolators  gives 
the  sy.stem  a  nat’oral  frequency  of  about  20  cps. 
This  raises  const der.'ibly  tlie  level  of  vibration 
transmitted  to  the  equipment  in  the  area  below 
30  cps:  however,  this  is  where  the  fragility 
level  of  tlie  equipment  Is  highest.  At  all  points 
alxDve  30  cpsthe  transmitted  vibration  frequency 
is  liclov’  the  natural  frequency,  and  also  below 
Uio  fragility  lei  vl  of  Uie  equipment.  The  equip¬ 
ment,  U.erefore,  shci'jld  perform  satisfactorily. 

Flight  Conditions.  I>ependlng  on  th.e  type  of 
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Among  the  different  classifications  of  flight  ve¬ 
hicles  arc  fighter,  bomber,  cargo,  trainer,  he¬ 
licopter  and  missile.  There  are  important  dif¬ 
ferences  in  the  design  of  these  vehicles,  so  the 
flexibility  of  v.  jigs,  tall  surfaces,  and  fuselage 
varies.  Each  type  of  flight  vehicle  has  a  Ulf- 
ferctn  response  to  excitations  from  tlie  power 
pl.'uit,  gunfire,  maneuvers,  wind  buffeting  and 
iandirif;  shock.  Further  complications  are  in¬ 
troduced  by  the  type  ol  power  plant  usea.  Dif¬ 
ferent  cxclbitions  are  provided  by  reciprocatlrig 
engines,  turtx)  jets,  Inrixi  props,  ram  Jets  and 
rockets, 

Wliile  molators  are  selected  maUily  for  pro- 
t''f  tiori  again.st  viliration,  shock  environments 
niu.st  be  given  consideration  too.  The  most  se¬ 
vere  shock  occuis  during  landing  and  booster- 
;is.si.‘;t('d  or  cat.apilt  .  •  slst  jd  takcoff.s.  The  dl- 
l  ectiori  of  the  siio.  k  ;•(  as  Important  as  the  in¬ 
tensity.  .Sl)ock  -  a  downward  direction  docs  not 


compress  the  load-bearing  spring  of  a  aLngle- 
acting  isolator,  and  tlie  shock  is  transmitted 
directly  Uirougn  the  top  snubbers.  Shock  In  a 
lateral  direction  also  causes  snubber  contact  If 
borlicontal  etlflness  of  the  Isolator  is  low,  as  It 
may  be  for  bottom-mounted  equipment. 

Fighters  and  guided  missiles  spend  consider¬ 
able  time  in  maneuvers  such  as  sustained,  near- 
vertical  climbs  aiid  uncoordinated,  slow  rolls 
acd  slow  loops.  Because  of  this,  the  attitudes  a 
fll^t  vehicle  can  assume  with  respect  to  the 
Earth  should  be  considered  when  selecting  Iso¬ 
lators.  The  effects  of  these  maneuvers  on 
single-acting  vibration  Isolators  are  shown  In 
Flg.5-61.  In  level  flight  (A)  the  isolators  func¬ 
tion  perfectly;  during  a  near-vertiesd.  climb  or 
dive  (B),  gravity  acts  to  unload  the 
from  the  t(^  Isolator  and  load  the  bottom  iso¬ 
lator;  arid  at  the  top  of  a  slow  roll  or  slow  loop 
(C),  the  equipment  Is  hanging  from  tlie  mounts. 
As  shown  In  (B)  and  (C),  there  is  solid  contact 
at  the  top  of  the  snubbers,  luid  the  isolators  are 
not  protecting  tlie  equipment. 

Static  acceleration  due  to  maneuvering  results 
in  filrallar  effects  on  vibration  Isolators,  When 
nosing  down,  static  acceleration  acts  to  pull  tlie 
equipment  away  from  the  points  of  connection. 
In  a  dive  pull-out,  Uie  equipment  is  forced  to¬ 
ward  tho  points  of  connection.  Douhlr-artlng 
Isolators  are  necessary  if  iaolatlon  Is  to  be 
maintained  regardless  at  the  flight  vehicle  at¬ 
titude  , 


Stabilizers 

While  not  strictly  Isolators,  stablUzers  per¬ 
form  an  Important  function  In  the  protective 
system.  Under  resonant  or  shock  conditions, 
tali  equipment  that  is  bottom  moimtod  may  sway 
considerably,  The  top  of  the  equipment  can 
swing  far  enough  to  strike  structural  mombors 
or  other  equipment.  A  stabilizer  prevents  this 
from  happening.  WTiUe  performing  this  function, 
tile  sLabllizer  does  not  affect  the  eiiiclency  of 
the  mounting  system.  Tho  construction  and 
mounting  of  a  stabilizer  Is  shown  In  Fig.  5-62. 
The  stabilizer  effectively  has  no  stiffness  in  the 


(A)  -  (B)  (Ci 

Level  night  Near-Vertical  Slow  Roll  or 

Climb  or  Dive  Slow  Loop 


Fig.  5-61.  Effect  of  flight  vehicle  attitude  on 
--  atngle-acting  vibration  Isolators  ./1 9/ 
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Fig.  5"62.  Stabilizer  under  static  and  horizontal  shock 
condltions./lQ/ 


Fig.  5-f)3.  Six  degrees  of  freedoin. 


vertical  direction  throughout  its  operating  range. 
Horizontal  stiffness  is  provided  by  a  resilient 
clement,  of  predetermined  stiffness,  that  buck- 
le.s  under  a  light  horizontal  load.  It  buckles 
again  under  Increasing  horizontal  loads,  and 
tliea  slLIfens  slowly  in  compression  under  se¬ 
vere  horizontal  loa'ls.  The  stabilizer  Is  placed 
between  tlie  equipment  and  a  rigid  overhead 
supporting  structure,  as  shown  In  Fig.  5-62. 


Isolator  Mounting  Systems 


The  choice  of  isolators  and  the  isolation 
mounting  system  is  dependent  mainly  on  the 


space  available  for  both  the  Isolation  system 
and  the  ejected  sway  of  the  equipment.  For 
example,  If  the  space  dictates  that  an  equipment 
be  higher  than  It  Is  wide,  restdtliig  in  a  high 
center  of  gravity,  a  bottom-mounting  system 
should  not  be  used  wltliout  stabilizers.  The 
sliock  and  vibration  environment,  including  tlie 
excitation  frequencies,  tlie  stiffness  of  the  sup¬ 
porting  structure,  ana  required  stability  of  the 
equipment  are  other  factors  that  should  be  con¬ 
sidered. 


Equipment  in  a  flight  vehicle  is  sut^ected  to 
shock  and  vibration  in  all  directions,  so  it  must 
be  free  to  move  In  all  directions  for  tctal  iso¬ 
lation.  This  requires  a  slx-degree-of-freedom 
system.  The  equipment  Is  free  to  move  trans- 
latlonaUy  in  vertical,  longitudinal,  and  lateral 
directions,  and  rotatiODally  about  the  vertical, 
longltudln^,  and  lateral  axes.  The  required 
degrees  of  freedom  are  shown  in  Fig.  5-63.  The 
system  has  a  natural  frequency  In  each  of  tliese 
natural  inodes,  and  all  must  be  considered  when 
designing  the  Isolation  system. 


When  isolators  of  equal  stiffness  are  located 
unsymetrically  about  the  center  of  gravity  of  an 
equipment,  certain  of  the  rotation^  and  trans¬ 
lational  modes  will  couple.  When  coupled,  vi¬ 
bration  cannot  exist  in  one  mode  without  exist¬ 
ing  In  Its  coupled  mode,  or  modes.  Thus,  a 
horizontal  force  through  the  center  of  gravity 
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V.  Ill  ni)l  otiiy  displace  the  equipment  horizontally, 
lull  rjlsf)  will  cause  it  to  rotate.  Each  coupled 
iiH.vlu  has  its  own  frequency  and  must  be  con¬ 
sidered  in  tlic  design. 

Isolators  may  be  arranged  In  many  ways,  but 
all  arranpainents  are  variations  of  basic  ays- 
tuii.s.  These  systems  are  known  as  the  under- 
ncatli  mounting  oystom,  the  center-of-gravlty 
mounting  system,  the  double-side  mounting  sys¬ 
tem,  tlie  over-and-under  mounting  system,  and 
tlio  inclined- isolator  mounting  system.  Each 
system  has  its  advantages  and  limitations.  In 
general,  to  prevent  the  supporting  structure 
ironi  disturbing tlie  performance  of  the  Isolation 
system,  the  natural  frequency  of  the  supporting 
structure  should  be  at  least  three  times  the  na¬ 
tural  frequ-i.cy  of  tlie  equipment  on  Its  Iso¬ 
lators.  In  the  discussion  that  follows,  a  rigid 
supporting  structure  is  assumed  for  tlie  mount¬ 
ing  system. 

Underneath  Mounting  System.  /1 3/  Theundcr- 
nealii  mounting  system  is  the  most  widely  used, 
since  most  chassis  configurations  arc  suitable 
for  t.his  application  and  tiiere  are  less  limiting 
requirements.  This  system  is  used  in  applica¬ 
tions  where  tl'.e  di.stance  from  the  base  to  the 
center  of  gravity  of  the  supported  equipment 
does  not  exceed  isolator  spacing  by  a  ratio 
greater  than  0.25.  This  relationship  is  neces¬ 
sary  to  maintain  reouirrd  stability  and  isolation. 
Fig.  5-64  illustrates  critical  dimensions  for 
C'QUipm^t  i'i2.virig  2.  u.>iLforrri  u€rieiiLy« 

Tlie  center  of  ijra-'Uy  height  to  Isolator  spacing 
ratio  limits  the  use  of  the  underneath  system 
for  narrow  axis  equipment.  However,  In  most 
applications  the  height  of  the  center  of  gravity 
seldom  exceeds  0.36  of  tiie  overall  height  of  the 
equipment.  This  permits  equipment  having  ra- 
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Fig.  5-04,  Crltic.il  dimensions  for  underneath 
mount  lng./13/ 


1  ig.  5-65,  Dasic  utiderncailt  mounting 

system, /l  3/ 


tios  of  equipment  height  to  Isolator  spacing  up 
to  0.7  to  be  mounted  In  this  manner.  A  basic 
underneath  mounting  system  Is  shown  in  Fig. 
5-65. 

Choosing  the  proper  Isolators  for  an  under- 
neath-mouiiled  rectangular  object  Is  relatively 
simple.  The  total  weight  Is  divided  by  four,  then 
the  appropriate  Isolator  is  selected  according  to 
speclflcaiion  MIL-C-172and  Military  Standiu'ds 
MS91418,  MS91526,  and  MS91527,  and  pUced  at 
the  four  comers.  However,  If  the  center  of  gra¬ 
vity  of  the  equipment  la  located  unsymmetrlc- 
ally  In  the  horleontai  direction,  the  isolators  at 
each  comer  will  be  dlfferonto  The  load  on  each 
isolator  can  be  calculated  using  the  following 
formulas  and  Fig.  5-66.  /19/ 


1  \ 

/  B2 

Load  on  Isolator  1  >=  Wl  ^  ^^2/ 

\bi  +  B2/ 

/  A2  ^ 

Load  on  Isolator  2  =  W  1x17X2/  \  bTTk  1 
London  isolator  3  = 

(  A2  \l  B1  \ 
Load  on  Isolator  4  =  W^^rTA^jlrnTBlj 


W  Is  the  weight  of  the  equipment  wltli  connectors 
and  cables  attached.  The  loads  calculated  with 
the  above  formulas  can  then  be  used  wltli  Fig. 
5-S9  to  determine  the  spring  constants  of  the 
isolators. 

Center-cf-GravltY  Moimtbig  8YBtem3./19/  In 
ceiiler-crf-gravlty  mounting  systems,  the  iso¬ 
lators  are  located  In  a  plane  tliat  passes  througli 
'the  center  ot  gravity  of  the  mounted  equipment, 
as  shown  In  Fig,  5-67.  It  is  a  refinement  of  the 
underneath  mounting  system  in  that  while  coup¬ 
ling  of  certain  rotational  and  horizontal  modes 
In  the  underneath  system  is  unavoidable  hocause 
of  the  unsymmetrlcai  placing  of  the  isolators 
relative  to  the  horlzocfal  plane  through  the 
center  of  gravity,  these  same  modes  arc  *i’.7,'ays 
^decoupled  In  center-of-gravlty  systems.  VVith 
coupled  modes,  the  spread  between  natural  fre¬ 
quencies  of  a  system  Is  greater,  reducing  Iso- 


Fig.  5-66.  Determining  load  on  each  icolalor 
when  center  of  gravity  Is  located  unsymmetrl- 
cally  In  horizontal  dliectlon./l9/ 
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Fit;.  5-C7.  Basic  center-of-gravliy  mounting' 

system. /1 9/ 


Fig.  C-eO.  Basic  double-side  mounting 
system./13/ 


lation  flliclency.  1/  tlie  highest  natural  fre- 
ciuency  of  the  mounting  system  Is  set  well  below 
the  forcing  f  equcncy.  It  may  put  the  lowest 
frequency  at  a  level  that  Introduces  Instability 
in  tlio  system. 


Double-Side  Mounting  oystems ./ 13,19/  Double- 
si3e  mounting  systems,  also  called  double-level 
side  nounii-.g,  are  normally  used  on  equipments 
that  have  a  height-to-wldth  ratio  greater  than 
two  and  a  tendency  for  excessive  flexing.  Eight 
isolators  are  u.sed,  with  four  each  placed  sym- 
niotriraliy  on  opposing  sides  ol  the  equipment 
So  that  Uir’  tigiu-e  formed  by  the  isolators  Is  a 
culxiid.  Tlie  oouble-slde  mounting  system  is 
siiown  in  Fig.  5-68.  Ttie  extra  Is'ilators  provide 
additional  support  points  that  dl.stritxite  the  load 
more  equally  to  the  chassis.  In  addition  to  being 
ust  ti  fo.-  equipment  witti  a  height-to-wldth  ratio 
t'.rcatcr  tiiantwo,  Uie  double-side  mounting  sys¬ 
tem  sliould  be  used  lor  very  heavy  equipment 
iroin  a  safely  standpoint.  With  attachment 
P'untr.  near  tlie  top  and  bottom  of  Uie  equipment, 
1'.  is  more  secure  ttian  the  other  systems.  In 
(act,  satisfactory  results  have  been  obtained 
wiili  et|iiipment  having  a  height-to-wldth  ratio 
up  to  live.  The  maximum  limit  of  this  system 
is  ii'ac'lied  when  tlie  structural  rigidity  of  the 
e  )iii|  rnenl  allows  excessive  Ixmding  to  take 
i'buc. 
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Fig.  5-69.  Basic  over-and-under  mounting 
system./13/ 


Chmr-and-Under  Mounting  Svrtems./13/  In 
an  over-and-under  mounting  system,  eight  Iso- 
iatois  are  used,  but  instead  of  being  mounted  at 
the  sides  of  the  equipment  as  In  a  double-side 
mounting  system,  the  mounts  are  placed  at  the 
top  and  bortom  of  the  equipment.  This  system 
is  used  when  the  space  for  the  equipment  pro¬ 
vides  an  overhead  simport  to  which  the  Isolators 
can  be  fastened.  This  system  Is  also  useful 
when  the  helght-to-width  ratio  of  the  equipment 
exceeds  one  and  a  half,  so  that  a  bottom-mounted 
installation  would  tend  to  be  unstable.  Most  of 
the  discussion  about  the  double-side  mounting 
system  applies  to  this  system,  since  the  Iso¬ 
lators  sttU  form  a  cuboid.  In  the  over-and- 
under  mounting  system,  tlie  meunts  located  at 
the  top  of  the  equipment  carry  an  equal  share  of 
the  load  with  the  bottom  mounts.  To  do  this, 
double-acting  mounts  are  used,  or,  the  Isolators 
are  mounted  so  that  they  support  the  equipment 
as  do  the  bottom  mounts.  Figure  5-69  shows 
the  over-and-under  mounting  system,  with  two 
ways  of  mounting  the  top  isolators. 


Inclined-Isolator  Mounting  System,  When  four 
isolators  are  used  and  th^  cannot  be  located  in 
aplanethroi^h  the  center  of  gravity,  decoupling 
can  be  accomplished  by  Inclining  the  Isolators, 
as  shown  In  Fig.  5-70.  When  equipment  Is  bot¬ 
tom  mounted,  coupling  occurs  between  trans¬ 
lational  modes  because  of  tlio  unsymmetrical 
position  of  the  Isolators  relative  to  a  horizontal 
plane  through  the  center  of  gravity.  This  dis¬ 
symmetry  causes  external  forces,  from  tlie  Iso¬ 
lator  horizontal  stiffness,  to  apply  a  turning 
moment  to  the  equipment  when  the  equipment  Is 
displaced  sidoways.  However,  if  Uie  isolators 
are  Inclined  Instead  of  being  placed  vertically. 
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moHi'wi  nlonf’. flther  of  the  principal  axes  results 
!:;  :!:  of  the  isolstors  In  hnth  the  radial 

nn'l  nxi  .l  cti n’ctionr.  Pccause  the  Isolators  are 
■  inliJi'd,  Uic  usual  reference  of  hori rental  and 
vertical  is  changed  to  radial  and  axial.  In  tills 
sy-dem,  a  translational  motion  results  In  ex-, 
i  '•  .lal  forces  from  twth  the  radial  and  axial  Iso¬ 
lator  stiifneoF 

Figure  5-70  also  shows  that  Uio  torque  about 
an  arbitrarily  selected  point,  P,  resulting  from 
tlie  axial  isolator  stiffnesses,  opposes  the  toi^o 
caused  by  the  radial  Isolator  stlffnesse.'.  There 
1?  a  point  P  where  the  combination  of  the  angles 
ct  Isolator  Inclination  and  the  radial -to-axlal 
t  iiffness  ratio  makes  the  opposing  torques  equal 
In  maim  it  tide,  and  the  resultant  torque  about  P 
is  zero.  If  tli'.s  noint  P  coincides  wftli  tliecenter 
c'  gravity,  the  vibrational  modes  will  be  de¬ 
coupled,  since  a  horizontal  motion  of  the  equip¬ 
ment  does  not  result  In  a  turning  moment  being 
applied  to  the  equipment  by  the  Isolators. 

The  angle  of  isolator  Inclination  and  the  Iso¬ 
lator  horizontal  and  vertical  stiffnesses  axe 
quite  critical  in  this  mounting  system.  It  la  a 
special  purpose  application  of  Isolators  and  re¬ 
quires  detailed  an^ysis  to  op'^rate  successfully. 

Additional  Design  Considerations.  Each  of  the 
mouiitlri’g . sy. stems  dlscu.ssed  requires  a  predict¬ 
ion  of  natural  frequencies,  coupling  mexies,  and 
decoupling  modes  before  proper  choice  of  Iso¬ 
lators  can  be  made,  Tlio  methods -for  perform¬ 
ing  necessary  calca'aflons  are  contained  In 
rcfcrciice/TO/'. 


EQUIPMENT  LOCATION 

Many  equipment.^  are  highly  sensitive  to  shock 
and  vibration  forces,  mid  it  may  be  fmpractlcal 
to  rely  on  tJio  isolation  system  alone  to  bring 
tt:e  forces  wltliin  tolerable  limits.  This  Is  eo- 
poci.'iily  tue  at  locations  within  the  vehicles 
ttiat  have  a  very  high  shock  and  vibration  level. 
Because  of  this,  it  might  be  best,  in  some  cases, 
to  consider  changing  the  location  of  the  equip- 
to  a  point  oi’ts  Icss  of  a  r^quiroinent 
on  eouipmciit.  This,  of  course,  requires  Uiata 
complete  sliock  and  vibration  analysis  be  made 
to  determine  Itie  levels  that  exist  at  every  ve¬ 
hicle  station.  Exar..plcs  of  tliese  are  g'vea  In 
Chapter  3. 

It  should  lx;  noted,  however,  Uiat  equipment 
locations  in  a  flight  vehicle  cannot  be  selected 
solely  on  Uic  basis  of  sliock  and  vibration  con¬ 
siderations,  since-  to  do  so  might  impair  vehicle 
charm  teristics,  such  as  causing  an  unacceptable 
center  of  gravity. 


MOI.'TUItt:  I’HOTLCTION 

The  principal  harmful  effects  of  moisture  are 
coriosiiin  and  Ihe  development  of  fungi.  Es¬ 
sentially,  tliere  arc  three  inetliods  of  protecting 
ai, ain'  t  tin  .su  liarmful  by-products.  Ihe  first 


Equipment  Equilibrium 
Position 


Fig.  5-70.  Basic  Inclined-Uolatur  mounting 
system./lO/ 


raeOtod  Is  to  choose  fungus-  and  corrosion- 
resistant  materials  that  also  meet  strength, 
weight,  environmental  and  moclianical  require¬ 
ments.  This  method  la  always  desirable,  but 
not  always  attainable.  A  cecond  method  of  pro¬ 
tection  Is  by  applying  fungicidal  treatments,  or 
coatl^  the  material  or  component  with  a  seal 
that  is  Impervious  to  moisture.  This  method  Is 
an  aid  rattier  than  a  complete  solution,  and  may 
also  have  undesirable  side-effects.  A  third 
method  Is  to  seal  Uie  component  hermetically. 
This  method,  wlille  very  effective  In  keeping  out 
the  moisture.  Is  often  limited  in  application. 
The  best  solution  to  Uie  moisture  protection 
problem  Is  to  combine  all  three  protection  me¬ 
thods  as  outlined  in  the  following  chockllBt./21/ 

1.  Choose  materials  with  low  moisture  ab- 
sorption  qualities  whenever  possible. 

2.  Use  hermetic  sealing  whenever  possible. 
Make  sure  the  sealing  area  is  kept  to  a  mini¬ 
mum  to  reduce  danger  of  leakage. 

5.  Whore  hermetic"  sealing  is  not  possible, 
consider  the  use  of  gaskets  and  other  sealing 
devices  to  keep  out  moisture.  Make  sure  the 
sealing  devices  do  not  contribute  to  fungal  ac¬ 
tivity,  and  detect  and  eliminate  any  "breathing* 
that  may  admit  moisti^re. 

4.  Consider  Impregnating  or  encapsulating 
materials  wltii  fungi^s-reslstant  hydrocarbon 
waxes  and  varnishes. 

5.  Do  not  place  corrodable  metal  parts  In 
contact  wlUi  treated  materials.  Glass  and  me¬ 
tal  pai-ts  might  support  fungal  growth  and  de¬ 
posit  corrosive  waste  products  on  the  treated 
materials. 

0,  Wlien  treated  materials  are  used,  make 
sure  they  do  not  contribute  to  corrosion  or 
alter  electrical  or  physical  properties. 

Additional  information  on  moisture  protection 
can  be  supplied  by  The  Prevention  ol  Deterior¬ 
ation  Center,  Naticnal  Research  Council,  2101 
Constitution  Avenue,  Washington  25,  D.  C.  Tlie 
center  maintains  a  complete  catalog  of  fungus- 
and  corroBlon-resIslant  materials.  Other  ex¬ 
cellent  guides  are  Uie  "Engineering  Handtwok 
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Series  for  Aircraft  Repair,  "AN  Ol-lA-10; 
";i;iTt.i'lA>.ilv  of  Tnstnjrtlons  for  Aircraft  Pe<ilgn- 
ers,"AHDCM  80-1;  ajid  "Handbook  of  InslruC- 
tioiis  for  Ground  Equipment  DealRncrs," 
ARIX:M  80-5.  The  three  handbooks  list  basic 
protective  and  cleaning  materials,  as  well  ss 
general  protective  requirements  for  various 
mate:  ^ 

Funppjs-Resistant  Materials 

Most  synthetic  textiles,  with  the  exception  nf- 
some  rayons,  have  acceptable  resistance  to 
fungal  growth.  The  following  pure  plastics  havA^ 
good  resistance:  acrylics,  phenol  formal¬ 
dehydes,  nylon,  polyester,  polyethylene.  Teflon, 


Table  5-16.  Resistance  of  Natural  Rubhera 
to  Microorganisms  /22/ 


Material 

Pure  natural  rubber 
caoulchdx 

Highly  poilflcd 
natural  rubber. 9 , 
not  vulcanized 

Natural  njbber 
vulcanizalc 

Hrvnr;  latcx 

Guayule  latex 

Crude  sheet 

Cre[H;  rubber 

Pale  crepe,  at 
comikHindod 

I-rile  rrei>c, 

I  C'lnqsiumlfd 

Plantation  crepe 

Smoked  sheci,  not 
conifKiundcd 

Smoked  shtret, 
eom|xjunded 

Re'  I.iiincd  rublier 

Gutt.i  -[icrcha 


I'lilorin.ited  rubber 


Resistance  I  References 


Attacked 


Attacked 


Attacked 

Resistant 

Attackeu 

Attacked 

Attacked 

Attacked 

Attacked 


Resistant 

Attacked 

Attacked 

Attacked 


Rosistant 

Attacked 

Attacked 

Some  i.t- 
taek  but 
less  than 
natural 
rubber 


24.25,26. 

27 


I  r  iini  I  V'lorier.Lllon  of  Materials  —  Cniiaea  and  Pre- 
VI  nlivi-  reehniitues,  by  Glenn  A.  Greathouse  and  Carl 
I.  '.Vi  nMel,  eoiirti  sy  of  Iteintiold  ihibllshlrig  Corpore- 
ti  HI,  I'lMik  Division. 


vinyls  £jnd  silicones.  Natural  and  synthetic  rub¬ 
bers  are  subject  to  fungus  attack;  their  sus- 
ceptlb.'llty,  however,  depends  on  the  predommat- 
ing  elastomer,  the  compounding  materials,  and 
the  method  of  processing.  Tables  5-16  and  5-17 
Indicate  the-suscepUbtllty  of  various  types  of 
natural  and  synthetic  rubliers  to  microorgan¬ 
isms;  however,  conflicting  data  exist.  The  con¬ 
flict  is  due  to  the  differences  In  test  methods 
and  Interpretation,  and  the  presence  ol  various 
nutrients  for  mictoorganisms./22,23/ 
s 

As  discussed  previously,  fungus-resistant  ma¬ 
terials  should  akuays  be  used.  The  types  of 
materials  listed  In  Table  5-13  are  generally 
considered  fungus-inert  and  should  be  used  in 
preference  to  the  fungus-nutrient  materials 
listed  In  Table  5-19.  However,  tills  does  not 
exclude  the  use  of  the  fiingus-nuiriti.it  Tnaterials 
in  hermetically  sealed  asBembUes  end  other 
accepted  and  proven  products  such  as  paper  ca¬ 
pacitors  and  treated  transformers.  If  it  is  ne¬ 
cessary  to  use  funpis-nutrierl  materials  in^ 
other  than  hermetically  sealed  assemblies,  fun¬ 
gicides  and  preservatives  should  be  used  as 
specified  In  MIL-T-152./35/ 


Funglcides/23/ 


Fungus  rotting  can  be  virtually  eliruinated  by 
incorporation  of  a  fungicide  in  the  material. 
Protective  coatings  that  are  fungus-proof  can  be 
applied  to  a  wide  range  of  materials,  Manv 
types  of  fungicides  are  avaUable,  but  there  Is 
no  perfect  fungicide  for  all  materials  and  all 
pufposes.  The  selection  of  a  chemical  usually 
represents  a  compromise  between  case  of  ap¬ 
plication,  safeness  to  handle,  lade  of  objection¬ 
able  odor  and  color,  and  Its  chemical  and  di¬ 
electric  properties.  The  most  commonly  used 
government-approved  fungicides  are: 

1.  Cornier  0-guInoHnolatc  --  used  for  textiles. 


Copper  0-guInoHnolatc  ■ 
0  and  Jute, 


2.  Par^henyl  phenolformadlehyde  with  sa- 
licylanUicfe  —  used  prlmartly  for  plastics  and 
electronic  equipment. 

3.  Paranitropheno  --  used  for  leather  prod¬ 
ucts. 

4.  Dihydroxyl  dlchlorodlp  lenylmethane 
used  mamly  In  textiles. 

Aside  from  the  four  fungicides  listed,  there 
are  several  otiier  fungicides  used  for  different 
materials; 

Textile  —  copper  naphthaiate,  2,2’methyl- 
enebls  (4-chiorophenol). 

Paper  --  chlorinated  phenols  (pentachloro- 
phenol). 

Rubber  —  nltrophenol,  *lnc  salicylate  (1%), 
r.lnc  bcnscwiato  (W. 

Pabits  varnishes,  enamels  and  lacquers  — 
chlorinated  phenols,  sallcylanU.ldo. 


1  ibl<-  5-17.  Ilcsistaiico  of  Synthetic  Rubber* 


(o  Mlnro.TivAnlsniH /?2/ 


Miilcrlal 

Resistance 

References 

Nroprunc-iwlychloro- 

Real.slant 

29,  32 

preiir,  not  com|K)unded 

Attacked 

26,  27 

Vro'iionc,  comj'ounded* 

Resistant 

Attacked 

24,28,20, 

31,32 

25 

G't-S,  butadlono-styrene, 

Resistant 

24.  25 

not  taonpnundccl 

Attacked 

32 

GI!-S,  butadlcnc-styrene, 

Resistant 

28**. 32 

•  ':;:ni;/Oondcd 

Attacked 

24.  28 

GK-S.  iMitadicno-atyrene, 
c'omjx)unded,  acotcnc 
rXtrJKtcd 

Resistant 

25 

n-ini-S,  liutMdicno' 
Ktyrojic,  uncured 

Attacked 

27 

■’Ifvcar  nii,"  butadiene- 

Attacked 

20, 27,. 31 

K  i  y ionit  ri  k* ,  not 

(:o’'iiMXjndotl 

- 

32 

’flv'.ir  or.,"  butadiene- 

Resistant 

32 

aery  loiiil  rile , 

<*r)py  vr¥  i 

Attacked 

31 

liuna  N,  buiadicnc- 

acr7lonitrilc, 

coni|K)uiidod 

Attacked 

29 

Gft-t  (butyl i.isobu'j  lane- 

Resistant 

24. 25 

isoprenu,  uneured 

Attacked 

26,27,32 

uli-1  (butyii.iiiobutyic-ne- 

Hcststanl 

2u,  32 

i.soprcne,  coinijounuad 

Attacked 

24 

"  Thiok'il organic 
[Kilysulfidc,  uncured 

Attacked 

26,27 

"  I  hiokol/'  organic  |X)ly- 
s^alfidc,  vTilcanlzed 

Resistant 

27,  31 

"Thlokol,"  org.ialc 
polysulfidc,  sheets  for 
jpa.soline  litnk  linings 

Attacked 

34 

■iibcon  rubber 

F.xpcrlriK'ntal  clas- 
tonitrs  from: 

Resistant 

28 

A*v«t/.rr«rl 

oc 

Isopri:nc 

Attacked 

26 

Isftb’Kylcnc 

Attacked 

26 

.•\c  ryl<;riilrilr 

Attacked 

26 

8ly  rtn»’ 

Attacked 

26 

'  N'  tuiTc  iu’  c  ontaining  nutrients  may  te  attacked. 

I'uL  lilt'  hydiocariion  It.sclf  is  not  attucked,  /25/ 

‘  *  1  his  u.iinplc  produced  by  Ini|»rovRd  proccaslng  lo 
give  liing.il  realytaJiee.  /28/ 

I  roni  Ik  Irrim  ation  of  Mntcrinls  --  Causes  and  Prt— 
v(.  n!ivo  1 1'cliniciiics ,  by  Glenn  A.  Grejlhouso  and  Carl 
,1 .  W,  s  i  i,  I ourtc.sy  of  Iteinhold  Ihibllshipg  Corpora- 
t  A;  .  t  ■  *1  'k  !  Mvi  ‘.ilon. 


Table  6-18,  Pungus-lnoi-t  Materials  /35/ 


Metals 

CfsUulottu  uLolfite 

CerainloB  (ateatiU) ,  glass , 

Nylon 

glass  bond^  mica,  etc.) 

Polyvinyl 

Mica 

chloride 

Plastics  with  glass,  mica 

Rubber  (natural 

or  asbestos  fiUnr 

or  syntbetlc) 

Teirafluorosthylene  (such 

Silicone 

as  Teflon  or  oquivitlciit} 

Chlo  rot  rifliiuroothy  lene 

Polyethylene 

(such  as  Kei-F  or 

equivalent)  ~ 

Polystyrene 

Table  5-19.  Fungus-Nutrianl  Materials  /35/ 


Cotton 

leather 

Unen  — 

PSfier  and  oarUmard 

Cork 

— 

Cellulose  nitrate.. 

Hair  and  felts 

Regenerated  cellulose 

PlaaUc  materials 
with  cotton ,  or  wood. 

Wood 

flour  filler 

-w- 

1 _ 

_  ,  WoodpreBervatlycs  —  coal- tax  creosote  com¬ 
pounds,  carbolineume,  wood-tar  creosotes, 
pentacholorophenol,  copper  naphthenatee,  zinc 
.  naphthenates,  chromated  zinc  chloride,  chem- 
onlte,  "Wolxnan"  salt  tanollth,  zlrc  chloride, 
zinc  meta-cresenlte,  and  copper  chromatcdzinc 
— chloride. 

~~CorroBlon-Re8l8tant  Materials 

~  It  is  dilltcult  to  make  definite  comparisons  of 
the  corrosion  resistant  oropertlee  of  metals, 
since  their  resistance  varies  with  the  chemical 
cnylronments.  However,  in  vehicle  design,  Uie 
metals  most  commonly  used  for  thefr  corrosion- 
resistant  properties  are:/23/ 

1.  Titanium. 

2.  Stainless  steel. 

3.  Molybdenum  alloys. 

4.  Pure  aluminum. 

5.  Cadmium. 

6.  Chromium. 

7.  Zinc, 

8.  Nickel. 

9.  Tin. 

10.  Copper  alloys. 


The  aluminum  and  magnesium  allpj'S  are  se¬ 
riously  flrurracied  by  corrosion  and  should  ba 
avoid'.Ml.  Dlrislmllnr  metals  lar  apart  In  tlie 
t;;dvanlc  series  (Chapter  3)  should  not  be  Joined 
directly  together.  IXUiey  must  be  used  together, 
Uioir  joining  surfaces  should  be  separated  by  an 
insulating  material,  except  If  both  surfaces  are 
coverc'^  v'lth  the  same  protective  coatiag./36/ 

Protective  Coatings 

Corrosion  of  materials,  particularly  metals, 
can  tie  prevented  by  Uie  use  of  metallic  coatings 
or  by  using  organic  coatings  such  as  paints  or 
var  nishes.  Metal  coatings  may  be  applied  by  a 
number  of  methods,  such  as  electroplating,  me¬ 
tal  siuayins.  dipping,  adhesion  through  a  mo- 
taillcp^v.dcrter!;n!f[ue,  a-nd  iretallurglcal  bond¬ 
ing  Uirough  rolling. 

Electroplating  is  the  most  common  method  and 
isu.scdwiiii  such  plating  materials  as  cadmium. 


line,  chromium,  silver,  nickel,  tin  and  lead. 
Zinc  and  alumiiuun  are  frequently  sprayed  on 
materials,  and  pure  aluminum  is  rolled  on  alu¬ 
minum  alloys  andother  less  corrosion-resistant 
metals  to  form  a  "clad"  material. 

Surface  treatment  Involves  a  chemical  react¬ 
ion  on  a  base  metal,  forming  a  surface  oxide  or 
other  coating  that  Is  resistant  to  corrosion. 
AncxJizing  and  alodlzlng  are  the  two  processes 
frequently  used  in  the  aircraft  industry.  These 
processes  also  serve  as  asultable  base  for  paint. 

MIL-S-5(X)S,  "Surface  Treatments  for  Metal 
8.nd  Metal  Parts  in  Aircraft,"  specifies  that, 
with  exceptions,  all  aluminum  alloys  and  clad 
aluminum  alloy  parts  used  in  military  aircraft 
should  be  anodized,  and  all  carton-  a::t!  low- 
alloy  steel,  brass,  bronze,  cooper  and  nickel 
alloy  parts  should  bo  cadmium  or  ainr  iilpxed. 
Some  good  protective  finishes  for  various  mo- 
tals  are  given  In  Table  5-20, 


Table  .'i-20.  Finish  Application  Table  (Courtesy  of  Product  Engineering) 


Matcri?! 

Finish 

Remarks 

.Aluminum  alloy 

Anodizing 

An  electrochemical-oxidation  surface  treatment 
for  Improving  corrosion  resistance;  not  an  elec¬ 
troplating  process.  For  riveted  or  voided  as¬ 
semblies,  epeeify  cbromlc-acld  anodizing.  Do  not 
anodize  parts  with  nonalunrilmim  inserts. 

"A'lrok" 

Chemioai-dip  oxide  ii^atment.  Cheap,  inferior 

In  abrasion  and  corrosion  resistance  to  the  ano¬ 
dizing  process, but  applicable  to  assembUes  of 
alumuium  and  nonaluminum  materiUs. 

Copper  and  zinc 
alloyi 

Bright  acid  dip 

Immersion  of  ptirin  In  acid  solution.  Clear 
lacquer  applied  to  prevent  tamleh. 

I! rasa,  bronze,  zinc 
diecasling  alloys 

Brass,  chrome,  nickel, 
tin 

As  discussed  under  steel. 

M:ig(ioflium  alloy 

Dlehromate  treatment 

Corrosion-preventive  dlehromate  dip.  Yellow 
color. 

Stainless  .steel 

PaBslvatlng  treatment 

Nitric-acid  Immunizing  dip. 

^'*•01 

■ 

1 

Cadnilum 

Electroplate;  dull  white  color,  good  corrosion 
rcsistsiice,  esslly  scratched,  good  thread  anti¬ 
seize.  Poor  wear  and  galling  resistance. 

Ch-omium 

Electroplate;  excellent  corrosion  resistance  and 
lustrous  appearance.  Relatively  expensive. 

Specify  hard  chrome  plate  for  exceptionally  hard 
abrasion-resistant  surface.  Has  low  coefficient 
of  friction.  Uaed  to  somo  extent  on  nonferrous 
metals,  particularly  when  die-cast.  Chrome- 
plated  objects  usually  receive  a  base  electro- 
plste  of  copper, 'then  nickel,  followed  by  chro- 
nUum.  Used  for  build-up  of  parts  that  are 
underslred.  Do  cot  use  on  parts  with  deep 
recesses. 

Tahlo  5-20.  Finish  Application  Table  (Courtesy  of  Product  Engineering)  (continued) 


Mat-ir'al 


Retnarki: 


(continued) 


Blueing 


Immersion  of  cleaned  and  polished  steel  Into 
heated  saltpeter  oi  carbonaceous  material.  Part 
then  rubbed  with  Unseed  oil.  Cheap,  Poor  cor¬ 
rosion  (wlstance. 


Silver  plate 


Zinc  plate 


Electroplate;  frosted  appearance,  buff  to  brighten 
Tarnishes  readily.  Good  bearing  lining.  For 
electrical  contacts,  rcilectors. 


Dip  In  inoUen  zinc  (galvanlLlng)  or  electroplate 
of  low-carbon  or  Jow-aUoy  steels.  I^ow  cost, 
Gonorally  Inferior  to  cadmium  plate.  Poo’"  ap¬ 
pearance  and  wear  resistance.  Electroplat,^ 
has  better  adboremee  to  base  metal  tbnn  hot-dip 
coating.  For  Improving  corrosion  resistrmce, 
Klnc-plated parts  are  glren  special  Inhibiting 
treatmenU'.  _ 


f- 


Nickel  plate 


Electroplate;  dull  white.  Does  not  protect  steel 
from  galvanic  corrosion.  If  plating  lo  broken, 
corrosion  of  base  metal  will  hastened.  Finishes 
in  dull  white,  poUshed,  or  black.  Do  not  use  on 
parts  with  deep  recesses. 


Black  oxide  dip 


NonmetalUc  chemical  black  oxidlrjav  treatntSDt 
for  Btecl,  cast  Iron  and  wrought  Iron.  Inferior  to 
electroplate.  No  buildup.  Suitable  for  parts 
with  close  dimensional  requirements,  such  as 
gfum,  worms  and  guides.  Poor  abrasion 
resistance. 


Phosphate  treatment 


NonmetalUc  cbsmical  treatment  for  steel  and 
Iron  prockicts.  Suitable  for  prolectlon  of  In¬ 
ternal  surfaces  of  boUow  parts.  Small  amount 
of  surface  buildup.  Inferior  to  motalUc  olec- 
ItoplaU).  Poor  abrasion  reslat  inoe.  Good  ptUnl 
bane. 


Brass  plate 


Copper  plate 


Hoi  nip  or  eioctropiatc.  Excall'Mit  corrosion  re- 
•istance,  but  If  broken  will  not  protect  rleol 
from  galvanic  corrosion.  Also  used  for  copper, 
brass  and  bronze  parts  that  must  be  solderecl 
after  plattug.  Tin-plated  parts  can  be  severely 
worked  and  doforniod  without  rupture  of 
plating. 

Electroplate  of  copper  and  zinc,  AppUed  to 
brass  and  steel  parts  where  uniform  appearance 
Is  desired.  AppUed  to  steel  parts  when  bonding 
lo  rubber  Is  desired. 


Eloctniplate  applied  proliinlnary  to  nickel  or 
chromn  plates.  Also  for  parts  to  be  brazed 
or  protected  against  carbuiizatloii.  Tarnishes 
readily. 


<(1 


.W..  -si;  fi-r  ! 


Organic  coatings  are  the  most  versatile 
means  for  piotectlng  rnetalc  against  corrosion, 
since  an  organic  coating  can  be  ajiplied  to  all 
yuriacof).  The  major  protection  derived  from 
such  coatings  as  paints  and  varnishes  is  due  to 
tlielr  ability  to  act  as  a  barrier,  and  thus  pro* 
vent  moisture  from  reaching  the  metal  surface. 
Acccp‘''.bl2orgajiic  coatings  come  in  a  wide  var¬ 
iety  of  palnis,  varnishes,  greases,  rubbers  and 
waxes. 


Component  Proteotion/8. 13,37/ 

Antenna.q,  Lilchtnlng  Arrestors.  Antennas 
pirourdl:)e  streamlined  and  recesned,  and  should 
be  located  'vlthbi  plastic  domes  or  covers  to 
avoid  t’-e  breathing  effect.  Slot  and  cavity  an¬ 
tennas  may  iue  hermetically  sealed. 

Base.  Chassis.  C.ablnets  and  Relay  Racks. 
Cabinet.s  siiduTd bo”desi^eTlo  prevent  water 
from  being  led  in  on  wires  or  from  other  external 
or  protruding  parts.  Moisture  traps  or  wells 
should  lje  eliminated,  either  in  Ute  design  or  by 
u.se  of  drainage  holes.  If  possible,  the  as¬ 
semblies  or  equipments  should  be  hermetically 
scaled. 

Batteries.  "Shelf  lUe"  of  dry  batteries  is 
increased  by  encapsulation  In  plastic  films  or 
by  packaging  in  water-tight  metal  cases.  Bat¬ 
teries  should  be  stored  in  cool  places. 

C'aldes,  Precautions  sliould  be  taken  to  pro¬ 
tect  the  insulation  at  tlie  ends  of  cables  from 
moisture.  Moistureproof  jacketl.ng,  which  will 
witJistand  the  required  temperature  range  and 
meclianical  abuse,  should  boused. 

Capacitors.  Mica  and  p^er  capacitors  in 
nibrdcd  plasllr  cases  have  good  moisture  re- 
.sistajicc,  but  nctal-cased  capaelbjrs  are  better. 
Tuning  capacitors  should  be  hermetically  sealed. 

Colls.  Coll  wires  should  be  kept  dry  and  pi-o- 
tCLLod  witli  chemically  inert,.. impervious  mater¬ 
ials  with  g(/od  electrical  Insulating  prc^ortles, 
such  a.S  sBicone.s.  Tlie  maleriui  aiioulu  iioi  va¬ 
porize  at  high  temperatures,  since  the  products 
of  vaporization  may  be  deposited  and  cause 
trouble  in  such  parts  as  relays  and  swltclies. 
I i ur met i (  ally -scaled units  should  t>e  used  wherc- 
ever  practical. 

Connectors  and  Couplings.  All  parts  and  mat- 
inir  surlac'cs  oil  CO  jiecloi  s  sliould  be  coated 
wiUi  a  silicone  compound  such  as  DC-4  (Dow 
Cornitig).  Metal  parts  of  all  MF,  VHF  and  UHF 
connectors  should  l>e  sliver  plated  inside  and 
out.  Connectors  should  be  designed  with  im¬ 
proved  couplings  and  longer  creepage  patlis. 
Ulienever  [jossiblc,  superior  insulating  mater¬ 
ials,  coi  rosionprtxjf  platings  and  moistureproof 
(  Oiuic(  tors  sliould  be  used.  Cables  to  connect- 
or.s  .should  Ire  loc.'ped  to  allow  moisture  runoff. 
When  irujl.sturcprixif  (  onnecto.d  cannot  be  used, 
the  connector  case  slio.ild  contain  a  drain  hole. 
I>;i  n  it  mount  connector.s  vertically. 

5 -hi 


Corcte  (Tie  Cords)  and  Lacings.  Avoid  the  use 
of  cords  conlninlng  iiuprotiicT^dBiisreptllile  ma¬ 
terial.  Glass,  vinyl,  nylon  or  dacron  material 
is  recommended.  U  linen  or  cotton  cord  is 
used,  it  should  to  treated  with  a  fungicide  that 
will  not  reduce  flcxlbUlly. 

Crystals  (Quartz).  Present  phenolic  and  me- 
tal  crystalholders  are  moistureproof.  The  bet¬ 
ter  holder  is  made  of  metal,  and  is  solder- 
sealed  with  the  leads  brought  out  througdt  glass 
beads.  The  cryat^  laces  should  be  plated  with 
gold  and  silver  to  improve  tolerances  and  permit 
direct  attachment  of  leads. 

Electron  Tubes.  Resln-fllled  tube  bases 
should  be  avoided  wherever  possible.  Caro 
must  be  exercised  in  the  packaging,  handling 
and  storing  of  tubes. 

Fuse  and  Fuse  Holders.  Whenever  practlc- 
able,  co^  the  luoe,  Including  the  contact  sur¬ 
faces,  and  the  interior  of  tl>w  fuse  holder  wiUi  a 
silicone  compound  such  as  DC-4.  The  exterior 
of  tlie  fuse  holder,  except  contact  surfaces, 
sliould  be  coated  wlm  fungicidal  varnish,  if  pos¬ 
sible,  sealed  fuse  should  be  used. 

Headsets.  Earphones  should  be  covered  with 
chamois,  treated  with  a  nontoxic  fungicide.  Me¬ 
tal  adapter  rings  should  be  used  instead  of  plie- 
nolic  rings. 

Hydraulic.  Pneumatic,  etc.  Systeuis.  LInc» 
eirdulU  be  routed  to  eliminate  all  moisture  traps. 
Systems  should  be  completely  drainable  and  have 
ample  self -locking  drains  at  low  puLnts, 

Instruments.  Hermetically-sealed  and  rugged 
insiruments,  which  will  operate  from  -67  to 
+392  F  (-55  to.  +200  C),  should  to  used.  When 
Instruments  are  repalrec^  precautions  should  be 
taken  to  prevent  moisture  and  dust  from  enter¬ 
ing  the  case.  Avoid  handling  meter  parts  with 
bare  hands. 

Lubricants.  Use  silicone  or  other  water- 
repellant  greases. 

Magnetic  Materials.  Magnetic  m^crlRls  with 
hl^  corrosion-resistance"  should  be  used.  If 
this  is  not  possible,  tlie  materials  snould  be 
treated  with  a  silicone  compound  such  as  DC-4 
or  a  fungicidal  varnish.  Wlicre  close  clearances 
are  necessary,  a  tfdn  coat  of  lacquer  Is  recom¬ 
mended, 

Mcchantsms.  ~Itelays,  Gears,  etc.  Provtda 
sufficient  ventilation,  neating  and~3rainago  to 
prevent  accumulation  of  water.  Design  equip¬ 
ment  to  withstand  stresses  produced  by  freezing 
of  surface  moisture. 

MlcroptAOnes.  Use  high-grade  nickel  steel  for 
the  .•llaphrag/ri  and  magnet  to  provide  good  elec¬ 
trical  roiilaci  ;'-nd  corrosion  resistance.  The 
microphone  shotdd  be  protected  from  moisture 
by  covering  It  wltli  either  a  lightweight  coat  of 
nylen  or  Hue  screens.  Whenever  possible, 
♦hroat  microphones,  which  are  not  affected  t'y 
Uic  moisture  of  human  breatli,  should  to  used. 
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MotorSj  blowers  and  DynamotorB.  Ail  parts, 
c'xcc.p!,  !lic  conijniitators  and  brushes,  should  be 
;  p,lvon  MFP  (Moisture  FuiiRhs-Prooflng)  treat- 

•  '<  liient,  Provision  sliould  be  made  for  brushes  to 

;  be  periodically  cleaned,  and  a  means  of  positive 

'  lubrication  slioaid  bo  provided.  Whenever  pos- 

I  nible,  licrmetlcally  sealed  units  should  be  used. 

Phms  (Tclenlione),  Jacks.  Dl^  Lamp  Socketo.  ^ 
etc.'  All  Hur/aces,  exc^  contacts,  should  be 
(liven  MFP  treatment  and  a  sUicono  coating 
such  as  DC-4  should  be  used  on  metal  parts.  - 
Fungus-  and  corrosion-resistant  materials 
should  be  used. 

Power  Plants.  Use  waterproof  spark  plugs  to 
avoiH’  sparb  plug  fouling  ‘  caused  by  moisture  ^ 
conden'iitton.  Use  tnet^  rotors.  Where  wood 
is  absolutely  necessary,  pre-dry  the  wood  and  - 
coat  with  moietureproof  varnish. 

Radojnos.  Use  fiberglass  laminates  or  other 
moistureproof  materials.  Erosion  coatings  will 
largely  eliminate  moisture  absorption. 

Rccillierj.  Rectifiers  should  be  treated  with 
4  fungicidal  varnish.  Kowoyer,  care  should  be 

taken  to  avoid  using  mercurial  fungicides  on 
equipment  having  selenium  rectifiers.  Silicone 
coating.*^  such  as  DC-4  may  also  be  used,  A 
fungtrldal  varnish  should  also  he  applied  to  the 
terminals  after  connections  are  made.  Her¬ 
metically  sealed  units  should  be  used  whenever 
jinssil.ilc. 

Resistors.  Hermetically  sealed  fixed  resist¬ 
ors  ol  die  metallic  resin  or  deposited  carbon- 
film  type  are  preferred.  A  good  seal  should  be 
used  for  the  rotating  shaft  of  a  variable  re¬ 
sistor. 

SemlcoiHuctc^a  All  semiconductor  devices 
should  bo  hermetically  scaled. 

frolderj.  For  operation  at  high  and  low  ambi¬ 
ent  tomporalurcs,  lead -silver  solders  should  be 
u.scd.  Only  resin,  or  resin  and  alcohol  should 
be  u.scd  as  a  flux  on  electronic  equipment. 

SpcnkcTs.  Paper  speaker  cones  are  suscept¬ 
ible  to  niulsture  absorption  and  fungus  growth 
and  should  be  treated  wlUi  moisture-  and  fun¬ 
gus- re.^islatit  ccunpound.s.  V^Tienever  possible, 

<  alumini’iii  cones  should  be  u.sed. 

Sv.'Urtu's.  Use  of  a  hermetically  sealed  switch 
V,  ili  prevent  corrosion  of  n  ctal  parts  and  warp- 
iiif'.ol  phislic  iwdies  and  wafers  uuc  to  moisture 
ab.uoii)tioii.  However,  in  cases  where  Hits  Is  not 
(iractu  able  from  the  standpoint  of  size  and 
availability,  surfaces  should  be  treated  with 
fumUcidal  varnlKli.  Ily  means  of  accessories, 
siu  li  as  luci'.lc  l«)ot-i,  O-strliigs,  or  diaphragms 
ul.'iced  over  tlie  ti,  Uch  o|/enlng,  Uie  entry  ol 
moisture  can  lx;  retarded. 

Ti  ajisfdi  tners.  Adeejuate -  lerinlnal  spacing,  - 
bir.h-  temii'u  ature  wire  coverings  and  tapes,  as 
wi  ll  as  (u'opor  (  asu  finlsliing  should  be  used. 


Iff" 


9 


Corrosion  of  transformer  rases  can  be  retarded 
by  plating  the  canes  with  such  corroslon-roslst- 
ant  laetms  as  chromium,  cadmium,  nickel  or 
zinc.  Corrosion  of  windings  in  open-type  con¬ 
structions  can  also  be  retarded  by  the  use  of 
hlgh-purlty  metalo.  Chlorides,  sulfldea  and 
other  soluble  salts  should  be  avoided.  Where 
temperature  permits,  the  use  of  a  highly  resist¬ 
ant  material  such  as  Mylar  is  recommended. 
A  coating  with  a  moisture-resistant  fungicidal 
varnish  will  also  be  beneficial.  Vacuum  im¬ 
pregnating  with  a  good  grade  of  Insulating  var¬ 
nish  Is  necessary  whenever  paper  or  other  fi¬ 
brous  material  Is  used. 

Hermetic  Scallng./8.13/ 

Where  practical,  hermetic  sealing  Is  the  most 
reliable  metliod  of  controlling  moistu  'Oj  it  aJ  ^ 
protects  against  sand  and  dust.  A  true  hermetic 
seal  can  be  constructed  only  out  of  metal,  glass, 
or  non-porous  ceramic  materials,  since  these 
are  the  only  materials  that  are  essentially 
molstureproof.  In  general,  organic  material 
cannot  be  used  for  a  true  hermetic  seal.  How¬ 
ever,  some  organic  materials  do  have  a  low 
vapor  traDsrnlSBloD  rate,  and  so  can  be  con¬ 
sidered  a  hermetic  seal.  Fused  metal  joints, 
soldered  glass  bushings,  or  metal  bellows  ar¬ 
rangements  are  some  types  ol  hormetlc  seale. 
These  types  of  seals  are  meant  to  be  permanent. 
They  should  not  be  broken  and  resealod  frequently 
In  order  to  have  aocc.ss  U»  liaeinal  pai  U.  Tho 
use  of  O-rings.  gaskets  and  lapped  disk  nenls 
are  not  hermetic  seals.  Those  are  waterproof 
seals  and  give  poor  sealing  against  vapor. 

In  applying  hermetic  sealing,  care  must  be 
taken  to  ensure  that  the  seal  Is  absolute  and 
permanent  for  all  conditions  to  which  the  unit 
will  be  cjqjosod.  A  partial  seal  on  a  unit  that 
contains  some  free  space  will  be  susceptible  to 
breathing,  and  moisture  wlU  condense  and  ac¬ 
cumulate  In  the  air  space.  If  the  space  Is  small, 
It  may  bo  possible  to  prevent  breathing  by  fil¬ 
ling  It  wlUi  a  good  casting  resin. 

Cost,  maintenance  and  other  factors  should  be 
taken  into  account  when  considering  the  relative 
msrltB  of  nrvnrnn  equipment  hermetic  scaling 
as  opposed  to  subassembly  hermetic  eenlLn;;, 
Over^  package  sealing  simplifies  the  problem 
of  ade(]uatc  hernaotlc  scaling  to  the  extent  that 
there  is  only  one  large  seal  to  be  made,  and  all 
parts  are  protected  by  It.  On  Uie  negative  side, 
overall  scaling  makes  servicing  difficult  by  re¬ 
quiring  the  entire  equipment  to  be  opened.  Once 
die  seal  Is  opened,  tl<ere  is  a  loss  of  Inert  gases 
andTOBSlble  entrance  of  moisture.  Subassembly 
sealing,  on  the  oUier  hand,  has  the  primary  ad¬ 
vantage  of  allowing  case  replacement  frf  the 
sealed  units,  particulariy  If  they  aio  plug-ln 
type  BubassombllOB.  However,  an  equipment 
consisting  of  Individually  sealed  subassemblies 
wiU  tend  to  be  heavier  and  more  cx):>cnBlve  than 
an  overall  sealed  package.  A  general  rule  Uiat 
should  l.i€  followed  is  to  limit  sealing  to  ex¬ 
pendable  individual  compements  or  rolattvoly 
small  subassemblies  tliat  may  easily  be  re¬ 
placed. 
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Wicii  liennellc  seaJlng  Is  used,  various  char- 
acteristics  of  the  method  employed  must  be 
taken  Into  consideration.  The  sealiiiR  technique 
inut't  offer  proper  mechanical  rigidity,  resist 
temperature  extremes,  have  good  heat  transfer 
charac'arlstlcs,  unt!  be  easy  to  apply.  In  ad¬ 
dition,  for  eiccironlc  equipment,  the  dielectric 
ronsiant,  high  frequency  losses  and  magnetic 
shielding  qualities  of  the  sealing  material  must 
be  considered.  Generally,  hermetic  sealing  can 
|je  a'-compUshed  by  (1)  embedment,  (2)  gas  fil¬ 
ling,  and  (3)  liquid  filling.  A  comparison  of  the 
merits  of  some  of  these  hermetic  sealing  tech¬ 
niques  is  given  in  Table  5-21.  Tables  5-22  and 
5-23  list  the  detailed  characteristics  of  many 
emhedr-e.itcornpour.daand  sUlcone  fluid  fillers. 

The  decision  to  use  an_embcdn»ent,  gas  or. 
liquid-filler  type  of  hermetic  seal  depends  on 
the  Bpcciflc  application.  Each  method  has  many 
advantages  and  disadvantages,  some  of  which,, 
may  be  important  in  some  applications  butnot 
in  others.  The  following  is  a  list  of  the  advant¬ 
ages  and  disadvantages  of  each  method; 

Embedment  ■  -  Advanlagcs 

1.  Provides  a  resilient  mechanical  support 
and  so  also  helps  In  sliock  and  vibration  pro¬ 
tection. 

2.  Eliminates  tlic  need.  In  many  cases,  for 
detail  mounting  hardware.  ' 

3.  Allows  the  use  of  less  expwnslvo  un¬ 
protected  compcinents. 

4.  Allows  compact  construction  and  efficient 
space  utilization, 

5.  Allows  critical  parts  to  be  protecled 
against  unautliorlzcd  tampering  in  the  field. 


6.  Provides  supportfor  eny  shielding  on  cover 
that  may  be  used. 

7.  Is  relatively  Inexpensive. 

Embedment  --  Dldadt'antafies 

1.  Adds  losses  to  high-frequency  electronic 
equipment. 

2.  Multiplies  stray  capacitances  by  approx¬ 
imately  the  dielectric  constant  of  the  material, 

3.  Tn general,  will  not  withstand  high  temper¬ 
atures. 

Will  not.  In  general,  withstand  lO'U  tem¬ 
peratures,  particularly  when  Irregularly  shaped 
objects  are  embedded. 

5.  Provides  poor  heat  removal. 

6.  Makes  embedded  units  expendable. 

7.  Requires  a  ttme-consumlng  procedire  In 
production.  - 

(t.  Adds  weiglit  to  the  assembly. 

9.  Some  embedment  compounds  show  evi¬ 
dence  of  long  term  shrinkage  (over  a  lew  years), 
which  leads  to  cracking. 

Gas-Fllllng  --  Advantages  ' 

1.  Adds  no  electrical  losses  to  the  equip¬ 
ment, 

•if 

2.  Does  not  increase  circuit  capacitances. 

3.  Can  withstand  both  high  and  low  temper¬ 
atures. 

4.  Allows  moving  parts  to  be  sealed. 


Table  5-21.  Relative  Merita  of  Some  lierraetic  Sealing  Teoholques  /13/ 


Tcchri'qiic 

MochanJcal 

rigidity 

Heat 

transfer 

Temp 

reel 

Hi^ 

orature 

ilance 

1X)W 

Effective 

dfolcclrlc 

constant* 

Losses 
at  high 
frequency 

Humidity 

protection 

Ease 
vi  use 

<»rrih.K.'draf;”t 

E 

P 

P 

P  to  F 

ZJ)  bo  4.0 

rtoO 

E 

p 

Koan\  crribcclrnctil 

G 

P 

P 

F 

1.03  to  1.2 

O 

O 

p 

Ceratnlf  embedment 

E 

F 

E 

E 

13 

FtoO 

E 

F 

riitslic  coatir^g 

P  0  F 

P  to  F 

P 

F 

1.0 

O  to  E 

FtoG 

FtoG 

Siliccnp  nim 

P  to  F 

Plo  F 

G 

G 

1.0 

G  to  E 

P 

0 

sMii  uiic  Iluld  filling 

P 

FtoG 

O 

F  to  0 

ZA  to  3.S 

O  to  E 

E 

F 

(laH  filliiig 

V 

F 

E 

_ 

1.0 

E 

0  to  E 

FtoG 

•  (  iiLiiii  ptiay  ciipacttiuiccs  are  increased  by  approdmately  UUa  factor, 
1.  bxcf  llftit,  G  G'Kni,  t'  =  Fair,  V=  Poor, 
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'  5,  PrcventB  oxidation  o£  lubricants,  com- 

mulatory,  switch  contacts,  etc. 

^  0.  Rndiicoo  arclrig  tendencies. 

7,  Permits  scaled  parts  to  be  replaced  and 
serviced. 

b.  Provides  convcctio.i  cooling  ol  sealed 
parts  (cooling  is  better  than  with  embedment). 

:  Gas-Fllllng  --  Disadvantages 

,  1.  Provides  no  support  for  sealed  parts, 

2.  Requires  a  strong  container  to  withstand 
internal  gas  pressures,  particularly  at  high  al- 
tituues, 

3.  Requires  special  maintenance  equipment. 

4.  Providesless  heal  removal  than  liquid  fll-. 
led  units. 

5.  Leakage  is  difficult  to  detect. 

^  Liquid-Filling  Advantages 

1.  Provides  the  best  heal  removal. 

2.  Reduces  arcing  tendencies. 

3.  Allows  the  use  of  unprotected,  uncased 
components. 

Liquid-Filling  —  Disadvantages 

1.  Increases  weljdit. 

2.  Provides  no  mechanical  support  for  the 
scaled  coniponenls. 

3.  Requires  the  use  of  a  pressure  relief  sys¬ 
tem, 

4.  A  leak  can  disable  the  unit  and  cause 
trouble  in  other  assembllea. 

b.  M-kes  Uialntciiancc  difllcult, 

C.  Ikat  removal  varies  with  temperature, 
whidi  cliangcs  U:e  viscosity  of  the  fluid. 

'  7.  Some  fluids  are  solvents  for  some  di¬ 
electric  nialerlals.  _ 

H.  Stray  capacitances  are  multiplied  by  tlie 
diclccti  U  const.-uit  of  ttie  fluid. 

9.  t.auses  losses  in  electronic  equipment. 


Di'sigti  C on *^1  derations/ 1 3/ 

In  cquiptiients  where  sealing  Is  not  used  and 
muishite  lends  to  dcveloii,  positive  steps  should 
be  taben  to  insure  against  Uie  accumulation  of 
?'ioisiuic'.  Care  should  l)e  given  to  Uie  riiounttrig 
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component  parts  so  that  moisture  traps  are 
not  present.  Vertical  surfaces  should  be  used 
--  wherever  practical  to  hold  component  parts. 
Drain  holes  or  other  means  of  free  drainage 
_  should  be  provided,  sometimes  even  to  the  ex¬ 
tent  of  filling  possible  well  areas  wltli  filleting 
compounds. 


Insulating  materials  should  be  limited  to  those 
having  less  than  1,1  percent  water  absorption. 
Overall  equipment  spraying  with  varnish  must 
be  avoided.  Spaclngs  between  terminals  and 
between  uninsulated  prxts  or  components  should 
be  kept  as  large  as  possible  In  order  to  prevent 
mold  bridging. 


Condensation  Control 


Condensation  control  can  be  accomplished 
through  dehum idlflcatlm  and  good  temperature 
control.  Dehumldiflcrs  using  absorption  by 
silica  gel  should  be  placed  In  areas  where 
moisture  would  present  the  most  problems.  If 
silica  gel  is  used.  Indicator  materials  must  be 
Include  to  show  when  replacement  Is  neces¬ 
sary.  Cooling  systems  can  be  need  to  prevent 
the  temperature  gradients  that  cause  condens¬ 
ation;  and  the  cooling  system  should  employ 
moisture  removal  methods.  Cooling  is  covered 
elsewhere  In  this  chapter. 


interference  PROTECTION/13,38/ 

Interference  can  be  eltlier  man-made  or  r»a- 
tural.  Generally,  not  much  can  be  done  about 
natural  interference;  however,  the  interference 
from  atmospheric  electricity,  known  most  com¬ 
monly  as  precipitation  static,  can  be  minimized 
by  dissipating  the  atmospheric  charge.  This  Is 
covered  elsewhere  In  this  chapter  under  "At¬ 
mospheric  Electricity  Protection," 

For  man-mado  interference,  there  are  three 
areas  In  which  Interference  supprcBslon  tech- 

niniiAA  ^  nnnllprl;  fij  th®  ^OU^C^^  Of  thw 

Interference;  (If  at  the  bjterierence  transniTs- 
slon  medium;  and  (3)  at  the  Interference- 
.n-sceptlble  equipment.  Electronic  Interference 
should  be  controlled  in  the  basic  design  of  all 
units  of  the  equipment.  The  equipment  should 
also  be  desired  to  minimize  susceptibility  to 
interference  from  external  sources. 

The  best  place  to  apply  Interference  suppres¬ 
sion  is  at  the  source,  not  at  the  transmission 
medium,  and  then  at  tne  susceptible  equipment. 
Most  often  it  has  to  be  used  in  all  three  areas  to 
_  bring  about  satisfactory  performance.  However, 
when  Interference  generation  Is  kept  to  a  mi¬ 
nimum,  Interference  supprosniori  in  the  other 

-  two  areas  becomes  mucJi  easier  to  accomplish. 
It  must  also  be  rcmcmbc/rcd  tliat  many  pieces  of 
equipment,  especially  eJeclroiilc  equipment,  can 

—  be  both  a  poai  ct-  -of  bil.erfereiice  as  well  us  « 
susceptible  equipment. 
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IJtiw  Clicmlcal 
Co.,  Inc. 
STYROFOAM 


Uow  Corning 
Corp. 

!lTy0302/5:)03 


E.  I.  du  Ponl  Co, 
TEFLON 


Emerson  Piid 
CiPHiing,  Inc 
STYCAST  'I  I'M 


Heat 

ciiBtortloa 

point 

(C) 


Olelootrio 

strength 

(volts/mil) 


Table  5-22.  Embedment  Compound  CharacterlstiCB 
(as  supplied  by  Ihe  listed  companias)  /13/ 


2.1  to  2.2 


(useful  at 


-400  to  500  (80 
mil  sample) 
-lOOO  to  2000 
(65  to  12  mil 
sample) 


500 

(100  mil  sample) 


Piolectric  constant 
vs 

froqpjoncy 
(25  C  unless  noted) 


Moisture 
absorption 
(%  volume 
unless  noted) 


50  cpB  1  me 
22  C  3.7  3.6 

60  C  S.9 


60  cps 
3.8 


60  epA  to  3000  me 
1.03 


1  to  0.14 
(168  hr  ) 


0.03 

(80  to  90% 
rh,  15  days) 


100  ops  to  100  me 

2.0 

0.005 

60  cps  to  10,000  mo 
2.36  to  2.38 

0.5 

(25  0,24  hr) 

100  cps  to  10,000 me 
4,7 

0.1 

(7  uajfb) 

60  epa  -  2.596 

1  kc  -  2.596 

1  me  -  2,582 

1000  me  -  2,584 

0.2 

(25  C,  24  hr) 

100 cps  to  10,000  me 
approx.  3.4 

0.1 

(7  days) 

100  cps  to  1  mo 

4.3 

0.10 

(25  0,24  hr) 

\  .  Vi 


Power  factor 
vs 

froquoncy 
{2ft  C  unlnSH  noted) 


GOcps  J me 
25  C  0.007  0.027 
100  C  0.005  0.027 


1  kc  to  3000  me 
0.0002 


100  cjiH  to  100  me 
0.0005 


00  cps  to  10,000  me 
0.0003 


100  cpi  to  100  me 
0.01 

100  me  f',  10,000  me 
i;.02 


oO  eps  -  O.CoODS 
100  cps  -  u. 00002 
1  me  -  0.00084 
1000  me  -  0.00085 


I  00  cps  tu  10,000  me 
0.02 


lOO  cps  -  0.015 
1  to  10  kc  -  0.040 
IdO  l;c  -  o.ono 
1  me  -  o.oiy 


Linear  ttermal 
expansion 
(parts  per 
dog  C) 


7.2  X  10-5 


2.5to6.0xl0-5 


/6  X  10"® 


Shrinkage 

on 

polymeriimtlon 

% 


Lot?  temp, 
limit 
(C) 


Volume 

reatstlrltv 

(ohm/cm^) 


0.5  X  10'5 


Remarks 


For  electron  tube  ampU- 
fiers.  Clures  at  275  F. 


'fhormal  expansion  re¬ 
duced  to  2.5  X  10-5  by 
addition  of  fillers. 
Adhesion  to  most  melal'i 
is  excellent. 


For  high  temperk.uro 
tranaforuicrs,  Curos  o', 
300  F. 


Good  for  many  applica¬ 
tions  up  to  2Jixl0^  me. 
Very  light,  with  high 
strength  to  weight  ratio. 
Greater  strength  proper¬ 
ties  available  in  lighter 
density  foams . 


Silicone  rubber- 


Thermal  conduolivily  1.7 
BTU/hr/sq  ft/  dog  F/in, 
No  Solvents. 


Low-loss,  low  dielec¬ 
tric  constant  casting 
resin.  Usable  over  ex¬ 
tremely  wide  tonJper- 
abire  range  with  large 
inserta. 


Good  high  temperature 
range.  Excellent  ad¬ 
hesion.  Thermal  coef¬ 
ficient  of  expansion 
similar  to  b^ass  and 
aluminum. 


Excellent  machinablUty. 


Impregnant  for  trans¬ 
formers,  colls,  and 
capacitors.  Can  be  used 
as  casting  resin. 


Black,  opnTie  material. 


H.  H.  noberteon 
Company 
STYPOL  107E 


STY  POL  502  E 


STYPOL  507E 


Koppers  Co. 
DYLITE 


Lockheed  AJr- 
Craft  Corp. 
Rigid  Iso¬ 
cyanate 
LOCK PC AM 
NO.  2075 


M.W. Kellogg  Co. 
KEL-F 


Mclpar,  Inc. 
MELPAK  IV 


M LLP AN  V 


MELPAK  VI 


Miniicbota  Mining 
and  Mfg  Co. 
i;C  11 20- PC 


N.ilional  bureau  of 
St.-uiilards ,  Dia¬ 
mond  Ordnance 
1,  diuraiorlcs 
NPS  HKSIN 


I  N-2,r. 

CASTTNC  1{;-;PI.V 


Specific 

gravity 


Heat 

dlRtortlon 

point 

(C) 


Dielectric 

strong 

(volts/mll) 


(1/8  In.  aheet) 


530 

(ehort  time 
test  on  1/B  in. 
sample) 

5000 

(step-by-step 
method,  6  mil 
sample) 


Dleleotrlo  oonatout  Moisture 
_  vs  absorption 

frecjuenoy  ^  (%  volume 

(25  C  unless  noted)  unless  noted) 


80  ops  -  3.86 
1  ko  -  3.60 
1  me  -  3.3S 


60  epa  -  5.53 
1  kc  -  5.10 
1  mo  -  4.23 


60  cps  -  4,67 

1  ILU  —  rt.xO 

1  me  -  3.74 


3.4  at  80  to  120  me 


610  to  660 


100  epe  -  2.44 
in  kc  -  2.43 
1  mo  -  2,42 
100  mo  -  2.6 


IQO  ops  to  1  me 
2.61 

100  mo  -  2.S0 


0,27 
(24  hr) 


10  lb  por 

cu  ft  den- 

slty  foam 

60  kc  - 

1.22 

600  ko  ' 

-  1.24 

1  mo  - 

1.17 

0.3  mo 

-  1.10 

1  ko  -  2.8 

1  mo  - 

2.6 

loo  mo 

-  2.6 

4.7  at  8,4  me 

3.6  at  1 

mo 

0.3  to  0.6% 
by  weight 
(100%  rh, 
21  hr) 


docB  not 
absorb  or 
transmit 
moisture 
in  G  mil 
films  or 
greater 


(24  hr) 
0.034 


(24  hr) 
0.01 


S’owcr  factor 
vs 

frpqucnoy 
(25  C  unless  noted) 


CO  rps  -  O.OiO 
1  kc  -  0.0079 
1  me  -  0.024 


GO  cp.s 0.069 
1  ko  -  g.072 
1  me  -  0.040 


CO  eps  -  C.02? 
I  ke  -  0.013 
1  me  -  0.025 


9300  me  5x10"'’ 


Linear  thermal  Shrinkage 

expansion  on  Low  temp, 

(parts  per  polymerisation  limit 

deg  C)  %  (C) 


Volume 

resistivity 

(ohm/cm^) 


1  kc  -  0.023  -80  to  +20 

1  me  -  O.OOC  4.5  X  10'^ 

100  me  -  0.000  20  to  150 

(power  facto-  lower  7  x  10"'^ 
at  200  C  than  at 
25  C) 


0.fi2  at  34  me 


0.005  to  O.OIO 
per  In. 


0.015  at  i  me 


O.OIO  at  CO  cps 


100  me 

0.000 1  to  0.0008 


1(10  cps  -  O.OOIC 
10  k-.'  -  0,0010 
1  me  -  O.iHiO'J 
100  me  -  0,0010 


-201 

1.2x10^® 
(50%  rh, 

25  C)" 

-fl5 

10^® 

-55 

(cracks  at 
this  temp.) 


For  Impregnating  trans¬ 
formers. 


Inorganic  filler  provides 
Increased  resistance  to 
cracldng  -  higher  thermal 
conductivity. 


Harder,  more  rigid  than 
502E.  Alao  has 
fiUer. 


Polystyrene  foam. 


Density  may  be  controlled 
from  1  to  40  lb  per  cu  ft. 
Can  be  oourod  and  formed 
In  place  ii  21.1  C  to 
?.e.t  C. 


Cbemioally  Inert,  high 
impact,  hlgh-temperature 
material.  Excellent  elec¬ 
trical  properties  over 
wide  temperature  range. 
Can  be  iplecUon  extrusion, 
transfer,  or  compression 
molded. 


Hot  spot  temperature. 
Should  be  170  C  or  less. 
Can  be  cured  at  room 
temperature, but  hlgtor 
temperature  prefernhle. 


I'olysulflde  elastomer. 


10^'^ 

Speciallred  resin  for  UHF 
high  Impedance  circuits. 
Quite  expensive  to 
manufacture. 

10^7 

A  copolymer  of  atyrene 
and  fumaronltrtle.  Uses 
slmllai-  to  NBS  CASTING 
RE.SIN;  less  expensive  but 
some  sacrifice  in  dlsslpa^ 
tlon  factor  at  elevated 
temperatures. 

Table  5-22,  Embedment  Compound  CharaHerlsttcs 
(as  supplied  bjr  the  Uetetl  companies)  /13/  (continued) 


Specific 

gravity 


Heat 

distortion 

point 

(C) 


Dielectric 

strength 

(voKs/mll) 


Nnpeo  Chcnilcal 
Company 
LOCK FOAM 
Series  A 


Pittsburgh  Plate 
Glass  r 
KELCCThON 
5000-5199 


1.2  to  1.4  4Sto200 


400  to  600 
(short  time 
test,  1/6  In. 
specimen) 


SEl.ECTRON 

soon 


.SLLECTHON 

5200 


300  to  500 


Products 
llcsftircn  Co, 
PK-1201<;: 


Rohm  &  Hass  Co. 

PARAPLEX 

P-13 


1.122 

(at  25  C) 


345 

(100  mil 
casting  at 
25  C) 


PARAPLEX 

P-13 


75  to  85 
(2  C  per 
min  at  264 
psl) 


Topjht  Mfg  Co. 
CUIJT  A‘r:' 


E,  S.  Navy 
1  Icrt  i  onics 
I  .Lbrjratorics 
N.!  .1..  177 


85 

(passes 
spec 
16  E  4) 


700 
(30  mil 
sample, 
60%  rh. 
22.2  C) 


Dielectric  constant 
vs 

frequency 
(25  C  unless  noted) 


(1/8  In.  specimen) 
60  epa- 3.30  to  3.70 
1  kc  -  3.10  to  3.30 
1  me  -  3.00  to  3,25 


60  cps  -  3.55 
1  kc  -  3,15 
1  mo  -  3,08 


60 cps  -6.00  to 6.40 
1  kc  -  5.10  to  5.60 
1  me -3.60  to  5.00 


60  cps  to  Ike -4,2 
1  me  -  4.0 
10  me -3,7 
30  mo -3,4 


60  cps  -  3.3 
1  kelo  10  inc  -  3.2 
30  inc  -  3.1 
10,000  me  -  2,6 


3.9  at  60  cps 


100  cps  -3.20 
100  kc  -  3.26 
60  me  -  3.09 
(62%  rh,  23.3  C) 


Moisture 
absorptlun 
(%  volume 
unless  noted) 


(24  hr) 
0,05  *0  0.5 


0.5  to  1.0 


(%  vrt,  24  hr, 
25  C) 

0.6 

(%  wt,  24  hr, 
25  C) 

2.0 


(%  wt,  24  hr, 
25  C) 

0.3 

(%  wt,  24  hr, 
lOU  Li) 

3.0 


Table  5-23.  Properties  of  Some  Silicone  Fluids*  /IS/ 
(Courtesy  of  Dow  Corning. Corp.) 


silicone 

fluids 

Specific 

gravity 

Flash 

point 

(C) 

Dielectric 

strengths 

(voUB/mll) 

Dielectric 
constant 
(at  25  C) 

Power  factor 

Heat 

transmission 

gram-cal/hec/ 

cm2/degC/cin 

Remarks 

7.00  3 

ccntiBlokoB 
lit  ?,5  C 

0.856 

107 

250 

(0.1  in, 
sample) 

100  cps -2.412 

1  mo  -  2.405 
luO  mo  -  2.30 

100  cps -0.0001 

1  mo  -  O.UOu2 
100  me -0.0002 

0.00027 

Liquid  methyl 
nillcone.  Vola¬ 
tile  liquid.  Use¬ 
ful  to  -56C. 

200  fluid; 

350  cunti- 
Gtokes  at 

25  C 

0.972 

315 

250 

(0.1  in. 
sample) 

100  cps -2.74 

1  me  -  2,72 

100  me -2.70 

100  cps -0.0001 

1  me  -  0.0002 
100  me -0.0006 

0.00039 

Nonvolatile 
fluid.  Useful 
from  -40  C  to 
+  200  C. 

550  riutd; 
100-150 
contiiUokes 
.at  25  C 

1.08 
(25  C) 

315 

350 

(0.1  in. 
sample) 

KiO  cps -2.92 

1  kc  -  2.91 

100  kc  -  2.91 

100  cps -0.0001 

1  kc  -  0.0001 

100 kc -0.0001 

Liquid  phony  1- 
metajl 

of  excepilonal 
heat  stability. 
Useful  from 
-40  C  to +250  C. 

200  fluid; 
1000  cen- 
listokes  at 

2.5  C 

0.973 

315 

300 

(0.1  in. 
sample) 

100  cps -2.7b 

1  me  -  2,78 
3000  me -2.74 

100  cps  -  0.0001 

1  me  -  O.OC03 
3000  me  -  0.0096 

0.003B 

Nonvolatile 
fluid.  Useful 
from  -40  C  to 
+  200  C. 

•  Dow  Comlr.g  Corporation.  Other  alUcone  fluids  are  obtainable  from  other  manufacturers,  hut  because  of 
different  .-neihods  and  conditions  of  measurements  their  data  are  not  presented  here.  The  figures  given  above 
are  characteristic  of  the  silicones  as  a  group. 


Interference  suppression  at  the  source  and  the 
susceptible  points  can  be  reduced  by  proper  se¬ 
lection  of  components  and  equipments,  and  by 
the  reduction  of  harmonic  generation,  arcing 
and  corona.  Since  interference  can  be  trans¬ 
mitted  by  conduction,  coupling.  Or  radiation, 
interfercacr  transmission  can  be  reduced  by 
filtering,  shielding  (in  tlie  case  of  noise,  in¬ 
sulation  is  the  accepted  method  of  shielding) 
.and  judicious  placement  of  equipment.  Inter¬ 
ference  suppression  must  be  used  not  only  be¬ 
tween  equipments  but  also  between  sections 
within  equipments. 

Seljciiuii  uf  Coiiiponetils 

Wiencver  possible  the  designer  should  use 
ii  terierenc'  -free  components.  For  example,  a 
Ld  jwcr  equipped  with  an'  a-c  Induction  motor 
stiouid  Ikj  used  instead  of  a  blower  wltli  a  d-c 
commuiator-lype  motor  ^d  a  carbon  pile  re- 
irulntor  is  better  Uian  the  vibrating  reed  type, 
Addiiicinal  information  on  component  selection 
in  contained  in  refcrence/J9/,  ^ 

S u pprc.qslon  Techniques 

Sliieldinn.  Shields  are  used  on  small  assem¬ 
blies,  sucF a.s  chassis,  as  well  as  on  equipments 
to  isolate  Uie  effects  of  arcing,  corona,  and 
stray  electromagnetic  fields.  The  shield  pre¬ 
vents  tlic  e.\it  of  interference  at  the  source,  or 
the  entrance  of  it  at  the  suscejitlble  point. 


The  usefulness  c<  shielding  Increases  with  the 
thickness  of  the  shielding  material,  the  square 
root  of  Its  conductivity,  the  square  root  of  ite 
permeability,  and  the  square  root  of  the  Inter¬ 
ference  frequency.  Individual  shields  are  also 
used  within  an  overall  shielded  equipment  to 
prevent  coupling,  contamination,  and  interaction 
within  the  equipment,  and  to  reduce  the  overall 
problem  of  filtering.  By  Isolating  Individual 
clrculis  with  shields  and  lead  filtering,  normally 
noise-free  leads  wUi  not  require  filtering  prior 
to  their  exltfrom  the  overall  shielded  container, 
since  contamination  of  these  leads  will  probably 
not  take  place. 

Shields  made  of  ferrous  materials  sliould  not 
be  used  for  frequencies  above  150  kc.  Trans¬ 
parent  conductlve-coated  face  plates  should  be 
used  over  radar  screeri  to  reduce  radiation 
Interference.  As  an  aid  to  determining  shield¬ 
ing  effectiveness,  attenuatl«i  characteristics  of 
various  metals  are  given  in  Tables  5-24  and 
5-25. 


Meshed  metallic  wire  may  bo  used  Lnstead  of 
solid  metal  shields  where  cooling  is  a  problem, 
or  where  openings  must  be  provided  in  a  case. 
The  openings  should  be  as  small  as  possible, 
preferably  noTarger  than  the  holes  In  22-roe8h, 
15-mll  copper  screening.  If  larger  holes  must 
be  used,  they  should  be  covered  with  10-  to 
20-rae8h  screening. 


Table  5-25.  Shielding  Effectlvenese  of 
Various  Metals  at  150  Kc  /13/ 


Tiiblu  a-24.  Slilold  ThlcknesB  of  Various  Metala 
to  Achieve  33  db  I^osa  at  1  Mo  /13/ 


Mctpl 

XWeknesfl  (mils) 

Aluminum 

13 

Brass 

2U 

Topper 

...  10 

Magnesium 

Ici.S 

Sliver 

10 

Steel 

-  25  to  55 

Tin 

26 

Zinc 

18.5 

Metallic  shafts  that  tend  to  radiate  inter¬ 
ference  should  be  grounded  by  serrated  metal-  - 
lie  fingers  or  a  gasket.  If,  for  design  reasons, 
tlie  shitft  cannot  be  grounded.  It  should  be  made 
of  an  Ins'jlatiog  material,  and  a  wave-guide  at- — 
tenuator  used  around  tlie  shaft. 


Mating  Surfaces.  Mating  surfaces,  especially 
where  gaskut^  are  used,  have  been  a  principal - 
source  of  interference  escape.  A  gasket  must 
be  conductive  to  prevent  r-f  leak^e^  and  It 
must  be  piiabio  in  order  to  conform  to  tnu  join¬ 
ing  surlaces  '.-nd  bring  about  large  contact  area. 
The  gasket  material  should  not  be  soluble  in 
oil,  gasoline  or  water,  and  it  should  be  able  to 
withst.vid  temperatures  from  -67  to  365  F  (-55 
C  to  185  C). 


fp  general,  the  important  requirements  for 
mating  surfacue  Is  that  a  continuous  electrical 
contact  be  maintained  all  along  the  Joint.  The 
bust  type  of  joint,  from  an  interference  protect¬ 
ion  standpoint,  is  a  welded  joint.  If  the  Joint  is 
h'.Id  closed  by  screws  or  bolts,  a  sufficient 
number  should  be  used  so  that  approximately 
equal  pressure  is  exerted  all  along  the  Joint, 
Iher"  arc  various  mctlscds  of  improving  con¬ 
tact  on  mating  surfaces.  One  method  is  to  use 
taporod  joints,  as  shown  in  Fig.  5-71.  This 
arranges  elec*  vical  contact  along  more  than  one 
line.  Or,  If  thlnaer,  structurally  weak  members 
are  to  l.e  uccd,  the  "paint  can"  method  shown 
m  Fig,  5-72  can  be  used.  To  further  Increase 
ti  c  shielding  effectiveness  of  a  flanged  joint,  an 
annular  ring,  as  shown  in  Fig.  5-73,  can  be  used 
around  the  entire  circumference  of  the  joint. 
Tl.c  .serrated  spring  joint,  shov/n  In  Fig.  5-74, 
also  gives  good  continuous  contact  area. 


Filt'Ting,  Cornplete  shielding  of  an  equip¬ 
ment,  (lia.s.sis  or  piug-in  assembly  Is  actuaJLiy 
never  possible  because  of  the  leads  that  must 
enter  or  leave  the  unit.  These  leads  provide 
conductive  paths  for  interference  signals.  To 
suppress  th  is  kind  of  interference  transmission, 
all  inter-  :uid  intra-wiring  should  be  filtered. 


Metal 

Altenuatlon 

(db/mll) 

Silver  _ 

1.32 

Copper  (annealed) 

1.29 

Copper  (bard  drawn) 

1.26 

Gold 

1.08 

Aluminum 

1.01 

Magnesium 

0.79 

Zinc  ^ 

0.70 

Brass 

0.6G 

Cadmium 

0.62 

Nickel 

0.58 

Phosphor-bronze 

0.55 

Iron 

16.9 

Tin 

0.50 

Steel,  SAE  104S 

12.0 

BorjlUum 

C.-il 

Lead 

0.36 

Hypemlk 

88.5 

Monel 

0.26 

Mu-metal 

63,2 

Permalloy 

63.2 

Stainless  steel 

5.7 

Harmonic  Suppression 

Filters.  Provided  the 

frequency  is  fixed,  or  hasless  than  a  2  to  1  tu¬ 
ning  range,  harmonic  suppression  filters  may 
be  used  at  the  output  of  transmitters  to  prevent 
harmonics  from  reaching  the  transmission  line 
and  antenna.  Tliese  filters  are  usually  band¬ 
pass  or  low-pass  filters,  because  only  the  fre¬ 
quencies  above  tfie  fundamental  are  to  be  at¬ 
tenuated.  High-pass  filters  may  be  required 
with  equlpmciilb  employing  frequency  multi¬ 
pliers.  In  designing  bandpass  or  high-pass  lU- 
ters,  use  a  cutoff  frequency  of  1.1  times  the  fun- 
damentpj  frequency.  The  filter  should  be  placed 
topreventtheunwantedfrequenclua  from  leaving 
the  transmitter.  A  Faraday  screen  between  the 
output  tank  and  the  pickup  coU  will  also  aid  In 
preventing  harmonic  coupling  to  Uie  transmlB- 
cion  line. 


5-65 


nr - ] 


Fig.  5-72.  "Paint  can"  joint. 


Annulof 


5  73,  Annular-ring  type  Joint. 


Fig.  5-74.  Serrateci  spring  joint. 


Poverlirie  Filters.  In  a  vehicle  electrical 
sysTuiii,  primary  power  wiring  is  common  to- 
many  equipments  and  circuits,  so  that  the  power- 
litie  can  serve  a.s  a  common  interference  path 
l  eu  t  en  the  equipments  and  circuits.  Proper 
tillering  stiould  lie  used  at  necessary  equipment 
exit  and  entrance  points  to  suppress  the  trans¬ 
mission  and  reception  ot  unwanted  signals.  Me¬ 
rely  tiypassing  tiie  leads  to  ground  or  the  use  of 
sniall  inductors  will  tielp  suppress  r-f  signals, 
V'ut  in  many  cases  filter  networks  will  have  to 


M 


be  used.  To  be  most  useful,  filters  should  be 
placed  inside  the  equipment  case  or  as  close  as 
possible  to  Lite  exit  or  entrance  point.  Even  a 
lew  Inches  of  wire  left  uralUtered  wUi  radiate 
interference. 


Bonding  and  Ground^.  Bonding  is  a  me- 
chanlcal  connection  that  provides  a  low-imped¬ 
ance  path  tor  interference  currents  and  a-c  and 
d-c  power  return  paths.  A  good  bond  contains 
low  d-c  power  resistance.  This  aiono,  however, 
does  not  insure  a  good  bond,  since  a  very  low 
r-I  Impedance  is  also  required.  Bonding  jump¬ 
ers  requlredto  provide  a  conducting  path  around 
vibration  isolators  or  other  parts  ^ould  be  flat, 
imbraided  berylllum-coppar  or  phosphor- 
bronze,  silver-plated  mettd  strips. 


Bonding  is  accomplished  in  two  ways:  di¬ 
rectly  and  by  moans  of  Jumpers.  A  direct  bond 
is  made  by  Joining  two  metals,  either  perma- 
neatly  or  semipermanently.  Permanent  bonds 
are  preferred. 

Bonding  Jumpers  are  used  to  connect  electric¬ 
ally  two  physically  separated  surfaces.  The 
jumpers  are  required,  for  example,  with  an 
equipment  that  is  electrically  separmed  from 
ground  because  the  equipment  is  shock  mounted. 
The  lumper  is  used  to  bond  the  equipment  elec¬ 
trically  to  ground  without  obstructing  the  action 

of  the  shock  mount. 


Bond  impedance  Increases  as  the  length  of  the 
strap  is  Increased.  Also,  it  is  important  to  have 
a  high  ratio  of  Jumper  width  to  length.  The 
length  should  not  be  greater  than  five  times  the 
wicllh. 


Arcing  and  Corona  Suppression. 

Arcing  and  corona  should  be  minimized  (refer 
to  "Atmospheric  Pressure  Protection"  in  this 
chapter),  or  eliminated  where  practical.  Where 
they  cannot  t>e  eotiri^ly  eliminated,  their  effects 
should  be  controlled  by  ^il^ding  u»o  equipment 
generating  them.  All  leads  assoclatca  with  the 
unit  should  be  filtered,  and  located  where  they 
will  have  the  least  effect  on  other  equipments 
and  clrcultB." 


SAND  AND  DUST  PROTECTION/40/ 

Proper  cliolce  of  abrasive-resistant  materials 
for  exposed BurfaceswLUglve  protection  against 
sand  and  dust.  For  example,  stainless  steel  can 
be  used  to  protect  the  thin  rubber  stripping  on 
rubber  propeller  deicing  Ixwts.  and  protective 
covers  may  be  provided  for  plastic  suifaces, 
such  as  windshields  and  radomes.  Materials 
chosenfor  use  In  protective  devices  sltould  also 
be  able  to  withstand  other  envlnxtments  likely 
to  be  encountored,/41,42/ 


MawMHwaBWi;^ 


J  hr  best  way  to  protect  Uie  Interior  of  a  tltght 
vi  hicle  or  equipment  Is  to  completely  exclude 
thr  'inr!  dust.  This  canj>e  dene  by  hermet- 
If-ally  soalhig  the  various  con^ponents.  How- 
ever,  It  is  ultou  more  practical  to  do  one  of  tlie 
lollowint;: 

1,  Provide  suitable  shields  and  eexvers  for 
wraring  surfaern,  such  as  engine  bearings. 

2.  Provide  filters  In  the  air  Intake  systems 
of  piston  engines  and  other  compartments. 

3,  I’lacc  delicate  instruments  and  equipment 

in  protected  positions.  — 

4.  Recommend  frequent  greasing  and  cleaning  — 
of  tiie  equipment. 

DICICING  AND  ANTI-ICING/43/ 

During  flight,  Icing  on  wings,  enipennage, 
scoops,  radorops  and  transparent  areas  can  In¬ 
crease  drag,  cause  control  and  power  loss,  and 
render  air  speed  and  otlier  sensors  Inoperktive. 

Tlie  icing  problem  on  wings  and  empennage 
exists  only  fo-  subsonic  aircraft,  or  for  super- 
."ionic  aircraft  when  operating  in  the  subsonic 
regime,  particularly  during  takeoff,  climbing 
‘uid  landing  operations.  The  methods  of  pro- 
tcclingaircraft  against  icing  may  be  divided  Into 
twc  classifications.  First,  there  are  mechan¬ 
ical  systems  in  which  ice  is  removed  by  a  me¬ 
chanical  operation,  such  as  the  periodic  in¬ 
flation  and  dcGalionof  a  rubber  boot,  commonly 
known  as  a  deicing  boot.  Second,  there  are 
Uiormal  systems,  in  which  the  accumulation  of 
ice  is  either  prevented  or  removed  by  heating 
Hie  vciiicle  surface.  Thermal  systems  may  t« 
eitlK-r  continuous  or  cyclic.  The  contbiuous 
system  (.anti -icing)  supplies  sufficient  steady 
heat  to  Uie  voiii  wc  surface  to  completely  vapor¬ 
ize  the  impinging  water,  Uiereby  preventing  the 
formal  ion  of  ice.  The  »'.yclic  system  (deicing) 
all  :  I’s  tlie  ice  to  accumulate  and  then  removes 
it,  'i  he  ice  is  removed  by  adding  sufficient  heat 
to  nieit  a  t!un  film  of  ice  adjacent  to  the  skin. 
Ttiis  breaks  the  Iwrid  between  the  Ice  and  the 
skill,  liiu  ijiC  all  stream  sw'ccps  away  tlic  ac¬ 
cumulated  ice./44/ 


The  most  widely  used  type  u(  tfiermal  anti- 
icing  system  orovides  spanwise  air  distrltiutlon 
and  cliordwise  air  How  Uirough  a  "D”  duct  in 
UiC  w  mi/s  leading  edge,  as  .snown  In  Fig.  3-75 
and  I'lg.  3-7C.  There  are  also  .many  arrange- 
nienis  of  limited-tyoe  ire  removal  system  that 
have  jyitcnti.'cl  ap|)lioallon  to  suiiersontc  alr- 
I  I  .aft.  1  he;  e  iticliule  rolid  and  liquid  frcezlng- 
p'hiit  depressants,  chemical  heat-i cleasc  coal¬ 
ings,  e  q  eiidable  leading  edges,  and  detonating 
si  rii  s. 

Ant j -icing  and  delrustlng  ol  transparent 
area.;,  .sudi  as  w indsliiclcLs,  can  lie  accom- 
(ili.s'.ied  liy  various  rnoUiods  of  heaiing  (Fig. 
3-77).  Doulile  pane  t oiistruction  with  liot  air 


flowing  through  the  panes  is  one  method,  Tlie 
use  of  a  transparent  electrical,  conductive  coat¬ 
ing  between  plies  of  glass  and  monolythlc  plas¬ 
tic  windshields  is  another  efficient  method.  An 
external  Jet  air  blast  on  the  windshields  i*’  etiU 
another  method  of  antl-lcing  and  defrootlng,  as 
well  as  an  efficient,  simple  and  rclkalAe  malhod 
olram  ice  removal  when  sufficient  quantUics  of 
compressed  air  are  available.  In  the  application 
of  either  antJ-icing  or  deicing  systems  to  flight 
vehicles,  tt  Is  aOTlsahle  to  conduct  an  oper¬ 
ational  analysis  (Chapter  4)  to  ^termlne  the  ef¬ 
fects  of  various  antl-lcing  and  deicing  systems 
as  well  as  various  degrees  of  protection  on  the 
mission  effectiveness  of  the  flight  vehicle. 
Anti -icing  or  deicing  of  engines  that  can  be 
affected  must  always  bo  provlded,/45,46,47/ 


ATMOSPHERIC  PRESSURE  PROTECTION/13/ 

Selection  of  Matbrlalb.  Seals  and  gaskets 
should  be  maoe  of  materials  Uial  w/Ul  not  be 
easily  distorted  by  reduced  atmospheric  pres¬ 
sures.  Lubricants  and  >>tlier  fluids  that  will  not 
diffuse  andleak  at  the  expected  pressures  should 
be  chosen.  To  minimize  the  wearing  of  com¬ 
mutator  brushes  In  motors  and  generators  at 
higfier  altitudes,  cadmium  iodide  and  lead  chlo¬ 
ride  can  be  Incorporated  Into  the  brush  mater¬ 
ial.  This  will  supplement  the  lubricating  effects 
of  water  and  oxygen,  so  that  friction  wUl  be  kept 
low  at  high  altltudoB./22,48/ 

Insulation  that  is  made  of  unbonded  or  un¬ 
sealed  tape  construction  hIiuuIu  nOt  be  used  in 
an  environment  of  extreme  or  rapidly  changi.ng 
pressures.  Solid-type  (extruded  or  molded)  bi- 
sulatiiig  material  aiiould  be  used.  Insulating 
material  that  deteriorates  rajjldly  under  ionic 
bombardment  should  net  be  used  in  high  voltage 
circuits  at  low  pressures  because  it  will  lie 
eae  lly  damaged  by  corona.  Teflon,  for  exajirplc, 
iias  low  resistance  to  ozone  and  sliould  not  be 
used  when  corona  mlglit  be  present. 

.*?cicc.Uon  of  componenia.  /IS/  Flectronlc 
componenls  carrying ‘TTlgh  voltattCB  and  corn- 
ponenls  using  make-and-break  contacts  must  be 
chosen  carefully  lor  the  anticipated  presoures. 
The  insulation  material  shcwld  not  be  sus¬ 
ceptible  to  arcing  and  corona  at  Uie  low  pres- 
aurcs,  or  the  components  should  bo  hermetic' 
ally  sealed  whenever  possible.  The  terminals 
on  parts  sucli  as  transformers,  tnductorn  and 
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Fig.  5-76.  Anti-lclng  syotom.lor  wfiig,  nacoUe  gild  einpeniia{;e. 


conjiecto78  aliouid  be  spared  far  enough  opart  to 
V)rc\cnt  arcovcr  at  Uie  operated  voltages.  11 
such  parts  must  be  used  below  their  atmos- 
ptierlr  pressure  ratings,  Uiey  should  be  derated 
ac  (  orcUnf^ly.  Relays,  switches  and  Blmilar  parts 
tlial  use  contacts  should  be  chosen  accorc'Jng  to 
atniospherlt  pressures  expected,  or  UiO  parte 
should  l;e  sealed  or  derated,  ^eri  choosing 
sealed  units,  such  as  mef"J  -encased  parts,  the 
pressure  gradient  must  be  considered  to  prevent 
distortion  or  l/'orsfing  of  the  contalne.’. 


*'';u\  fiic(  crecpiige  distaroo  Is  actual  dlalanco  between 
i  lcstrudcB  nionn  Muttiico  of  IriRulatlun  betworo  them. 
Inc  hi  ding  IrregultirlUcs, 


Arcover  Prevention 

The  actual  potential  at  which  arco/er  takes 
place  at  various  altitudes  depends  greatly  on 
tlie  d'ntanccbetwooi  the  parts  and  the  configura¬ 
tion  of  the  parts.  Tlie  effective  sarface  creo- 
page  distance*  and  actual  air  spacing  between 
terminals  or  parts  sl.ould  not  be  less  than  that 
specified  In  Talilo  5- 26  for  the  Intended  volt¬ 
ages.  The  configuration  of  the  parts  Is  import- 
p.nt  to  prevent  corona,  vdilch  would  lonir.o  tlie 
air  and  cause  arcovcr  even  at  the  specified  safe 
air  spaclngs.  Sharp  corners  are  must  ant  to 
cause  ccrona,  while  rounded  corners  are  least 
likely  lu  do  so.  The  degree  of  roundness.  how¬ 
ever,  Is  also  an  Important  factor  at  the  nlghcr 
voltages.  At  sea  level  pressure,  oquipnient  that 
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lias  fxpospiJI  patcntlslft  of  less  Uirui  lOOO  yolla 
needs  no  £;()eci;il  ci^n.slderatlutioj  even  square 
(oniers  are  permlssitAlt:,  From  1000  to  0000 
voliH,  rca.soiuibly  well-rounded  ■  ernera  nre  ix'- 
(|' wil'd.  However,  Ixo»n  0000  to  20,000  volta,  no 
.S'  L  I  ule.s  have  l>eei'  dcvelojied,  and  special  testa 
Kiiriuld  Ui  i  ondiicled  on  the  oqnlpnionl,  to  rte'er- 
tniin'  tlie  proper  conflp.uratlons, 

W.ien  it  l;j  not  practical  to  rnocUly  exponed 
(  leetrodes  to  i  ounded  conTlyuratkms  and  p  roe  • 


8urlzaUonloni.>t  poBslble,  a  naetsl  coroi'ji  shield 
ehould  1)0  used.  ~Tlie  snield  should  eurround, 
thoMBh  not.  necoeeartly  louip'.etely,  the  poorly 
shaped  electrodes  in  such  a  manner  aa  to  prti- 
vcnl  any  bi  eak-dc/wu  voltage  gradient  {n  the  sur¬ 
rounding  air.  The  coroaa  shield  must  al.ao  bo 
rounded.  Maximum  ar cover  and  corona  dla- 
charge  occurs  at  pressures  Iret-woen  1  and  50 
microns  ol  Hg.  Roiov;  n  prospuro  of  approxl- 
.inatoly  1C  "5  mlillmetcrs  of  H;|,,  tlic  air  densUy 
'is  too  low  to  support,  a  corona  discharge. 
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'1  .ililo  rt-M.  Contact  Spacing  VB. Working  Voltages 
a'  VarlwiB  Altitudes  /13/ 


Mii'f  (liJ  '11 

air 

spacfi 

Minimum 

c 

distance 

Working 
voltage  nl 
50.000  ft 

Working 
voltage  at 
70,000  ft 

dc  _ 

ac 

rmfl 

da 

ac 

rtna 

- 

3/04 

iOO 

7S 

70 

60 

l/:i2* 

1/16 

190 

125 

125 

90 

3/04 

5/04 

210  - 

175 

175 

125 

I/JG 

7/64 

315 

225 

210 

150 

5/64 

1/8 

360 

260 

230 

165 

3/32 

5/32 

420  • 

300 

260 

185 

J/8 

3/16 

490 

350 

310 

225 

3/lC 

1/4 

630 

450 

375 

275 

1/4 

5/16 

700 

500 

455 

325 

5/lC 

3/8 

810 

575 

500 

1  - - 

355 

♦J’arts  or  tcrmljals  should  ho  contlnuouely  Insulated, 
Thera  should  be  no  oi>cn  space  axlstlng  betwoon  any 
pari  of  the  concluoLors  having  thlo  mechanical  spacing. 


P  ruasurly.atton 

If,  alter  careiul  selection  of  roaterlals  and 
components  and  the  use  of  proper  design  tech¬ 
niques,  low  atmospheric  pressures  will  still 
have  clctrlmr  tal  effects  on  equipment,  pres- 
surtzatioii  must  be  used.  In  a  prceaurlzed  sys¬ 
tem,  cither  Uie  equipment  or  compartment  le 
sealed,  iuicl  accessory  pumping  equipment  is 
used  to  maintain  a  predetermined  pressure  re¬ 
gardless  ol  altitude.  T'he  pressurization  equip¬ 
ment  imist  maintala  the  pressure  over  extended 
pericids,  d  pressure  leakage  sliould  not  bo 
more  tlian  d  cubic  Inetios  per  minute  when  the 
pressurized  enclosure  is  kept  above  12  pcla. 
Usually,  pressurization  within  a  sealed  con¬ 
tainer  is  kepi,  at  ttie  sea  level  equivalent. 

When  pressurization  is  used,  the  containers 
must  U’  designed  structurally  to  withstand  the 
pressure  gradients.  Generally,  spherical  con¬ 
tainers  provide  Uie  most  strengtli  for  a  given 
weinht,  but  a  cylindrical  shape  is  the  best  com¬ 
promise  from  a  spare  utilization  standpoint 
trig.  5-78  and  fig.  5-79). 


ATMOM’IIERIC  ELUCTIUCITY  PROTECTION 

Generally,  dlachai  gc  wicks  are  used  on  the 
out'ir  surfaces  ot  flight  vclilcles  to  dissipate 
ar>y  electileal  charge  Uiat  may  buUd  up  during 
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flight.  However,  discharge  wicks  are  not  effective 
enough  to  prevent  radio  Interference  on  the 
higher  speed  aircraft,  which  require  a  dis¬ 
charge  current  of  several  milllamperea  to  stay 
below  the  corona  threshold.  Other  types  of  dis¬ 
chargers,  such  as  biased  resistive  coatings  on 
Insulating  strips  at  the  trailing  edge  of  a.  wing 
or  fin,  combination  diverter  dischargers,  radio¬ 
active  dischargers,  and  Jet  exhaust-gas  dis¬ 
chargers,  are  oelng  studied  for  more  effective 
operation. 

With  jet  aircraft,  studies  are  being  made  using 
external  wicks  In  or  near  the  exhaust  gases  to 
increase  the  jUschargo  rate  of  tlie  tell  pipe 
edges.  Tungsten  grids  and  a  cavity  discharger 
are  also  being  considered. 

Several  protection  systems  have  been  pro¬ 
posed  and  applied  to  existing  fuel  Umk*!.  One 
sudi  system  uses  longitudinal  ribs  to  divert 
electrical  discharges  from  the  tank  wall  and 
guide  tha  discharges  as  tliey  are  swept  .rearward 
by  the  force  of  the  wlndstream.  Insulation  is 
applied  between  the  ribs  to  prevent  dlsiiharges 
being  swept  off  the  riba  into  the  tank  wall.  This 
protection  system  Is  schematically  illustrated 
In  Fig.  5-80./50/ 


EXPLOSIONPROOFINO 

Standard  measures  for  the  prevention  of  ig¬ 
niting  an  explosive  atmosphere  Include  using 
sealed  units  to  Isolate  tee  explosive  atmosphei  v? 
from  a  possible  igniting  ar^  and  using  proper 
design  to  eliminate  arcing.  The  most  practical 
way  of  achieving  this  Is  to  use  hermetically 
scaled  units,  pamcularly  for  switches  and  re¬ 
lays.  which  have  a  n:  ^ural  tendency  to  arc.  If 
scaling  Is  not  poseiblo,  then  ignition  sources, 
such  as  wafer  switches  and  relays,  should  be  Iso¬ 
lated  from  accumulated  explosive  vapors./l3. 
40/  ^ 


EjmloBlonproof  eouipment  sltould  be  cons- 
tructed  so  tliAtlf  exiuoslons  occur  wlUiin  a  cer¬ 
tain  part  of  the  equipment,  they  will  not  Ignite 
any  surrounding  gas  mixtures.  The  equipment 
should  in;  in  a  meteJllc  enclosure  and  be  able  to 
wiih.stand  spectfieti  exploaiOuB  wlteout  bursting 
or  loosening  its  Joints.  The  Joints  eiio’Jld  l>e 
made  of  mfiai  and  have  close  clearances;  this 
will  arrest  tee  propagRtion  of  flame  from  tee 
Interior  of  tee  encloeure  to  Uie  surrounding  at- 
mosphoro. 

Another  method  of  minimizing  tee  danger  of 
explosive-atmosphere  Ignition  Is  by  tiie  use  of 
sintered  metal  screens  instead  of  covers.  Fig¬ 
ure  5-81  shows  a  vented  circuit  breaker  case 
wlUi  sintered  metal  ventilating  panels  replacing 
tee  customary  covered  openings.  The  sintered 
metal  ocreei-a  have  successfully  prevented  ex¬ 
plosions  wltein  the  case  from  uctoiiating  a  sur¬ 
rounding  explosive  mixture  In  an  explosion  test 
chamber.  Additional  Information  on  explosion 
hazards  and  protection  methods  Is  contained  In 
reference  /5l/. 
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F'lp.  5-78,  Cabin  air  conditioning  and  preBBuilzatlcm  ayutoni  lor  13-470, 


lUDL/iTION  PROTECTION 

FUfjlit,  vehicles  may  be  exposed  to  nuclear, 
co.stnic,  and  Miar  radiation.  At  present,  no 
.■severe  problems  are  encountered  in  protecting 
flii;lit  vehicles  and  ilielr  associated  equipment 
from  the  harmiul  elfects  ol  solar  radiation. 
Therefore,  the  following  paragraphs  (leal  ex¬ 
clusively  vdth  proteellon  against  nuclear  and 
coonilc  radiation. 

Protection  against  radiation  car  bo  accom- 
pllrslicd  by  any  or  all  ol  tlie  following: 

1.  U.se  of  radlatlon-re.slstant  materials. 


2.  Taking  advantage  of  the  invorso-square 
law  when  locating  components. 

3.  LlmllLng  Uip  exposure  time. 

4.  Shielding. 

The  protection  method  used  In  a  specific  aj)- 
pllcatlon  depends  upon  the  typo.  Intensity  and 
duration  ol  the  radiation.  Gonerally,  It  is  ne¬ 
cessary  to  combine  several  of  the  methotls  to 
minimize  the  radiation  hazard. 

Selection  of  Materials 

The  most  preferable  moUiod  ot  .  ?dlntlon  pro¬ 
tection  la  to  design  equipment  using  rnatorials 
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Fiji.  5-81.  Sintered  uietal  screens  used  to 
protect  equipment. 

that  are  radiation  stable.  For  example,  Formex 
m.ny  be  substituted  for  Teflon  Ld  certain  appli¬ 
cations  involving  a  radiation  environment.  An- 
ollicr  example  Is  the  substitution  of  soft  glass 
for  hard  glass  in  vacuum  tube -envelopes.  Fi¬ 
gure  5-82  shows  the  relative  stability  of  mater¬ 
ials  subjected  to  radiation  exposure.  A  more 
detailed  discussion  of  i  adiation-reslatantmater- 
lals  and  componcnis  Is  contained  In  Chapter  3. 


Location  of  Comrohonts 

The  second  method  of  minimising  the  effects 
of  radiation  Is  to  advantage  of  the  fact  that 
tlie  Intensity  of  radiation  varies  Inv  “rsely  as  the 
square  of  the  distance  It  travels  from  the  source 
(Mg.  5-83.)  Thus.  Ijy  simply  relocating  a  com¬ 
ponent  to  a  greater  distance  from  Uie  radiation 
source,  tlie  intensity  of  the  radiation  will  be  re¬ 
duced.  For  example,  by  moving  a  component  to 
alocation lOOfeet  from  the  source,  the  intensity 
is  reduced  to  one  hundredth  of  what  It  was  at  10 
feet. 


10*  K)^  K)*  10*  o'®  10®  IO'^tO*IO'*IO*° 
Neutront/cm 


Fig.  5-82.  Relative  radiation  stability  of 
materials. 


Fig.  $-83.  Representatlor.  of  Inverse-square 

Jaw. 

Shielding 

'^  Tlie  efiectlveness'of  a  material  as  a  shield 
against  radiation  depends  upon  its  physical  prop- 
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Exp<isuro  Time 


AnoUicr  means  of  radiation  protection  la  to 
coiiLiO-i  die  time  of  exposure.  Relatively  high 
In'cn.slties  of  radiation  can  be  tolerated  lor 
short  periods  of  time  If  the  need  arises.  As  a 
typical  example,  In  space  operations,  equipment 
can  t>e  designed  to  withstand  the  radiation  ex- 
po.'aire  encountered  in  passage  through  one  of 
die  radiation  belts.  Should  operations  be  con¬ 
ducted  in  Uiisarea  for  extended  (icrlods  o(  time, 
liowevcr.  radiation  damage  would  be  expected  to 
occur.  In  die  case  c<  pulse-radiation  exposure, 
sucli  an  dial  occurring  as  a  result  of  a  nuclear 
explosion,  die  total  radiation  dosage  received  is 
generally  not  sufficient  to  cause  permanent 
daniaf'.e  to  niaterl.als;  however,  certain  typos  of 
t'  ansicnl  effects  may  occur  that  are  due  mainly 

(II  i'Mii^aliiia. 


It  must  resist.  Each  type  of  radiation  Is  most 
efTertlvely  stepped  by  a  particular  shielding 
jiuterlal.  The  energy  of  the  radiation  is  Ihe 
principal  factor  in  ^termlnlng  the  amount  of 
shielding  required.  In  the  case  of  a  reactor,  the 
radiation  consists  of  m'aiy  different  types  and 
energies.  Accordingly,  a  reactor  shield  will 
probably  be  of  a  sandwich  construction  and  will 
differ  considerably  from  one  designed  for  the 
"Van  Allen"  oi  space  radiation.  Sideldlng  for 
various  types  of  radiation  Is  discussed  in  the 
following  paragraphs. 

Alpha  Particle  Shlelctog.  Alpha  particles  are 
reaciUy  absorbed  by  Uiln  sheets  of  material. 
For  example,  1/64-inch  thick;  aluminum  will 
stop  most  ^pha  particles.  Their  range  In  air  is 
only  a  few  centimeters.  Alpha  partides  are  not 
absorbed  according  to  the  exponential  law  a.s 
are  other  particles.  Since  the  alpha  particle  Is 


Fig.  5-*'!.  Range  of  alpha  particles  In  air. 


relatively  heavy  (7440  times  that  of  the  elec¬ 
tron),  In  collision  with  orbital  e-leclrons  the 
alpha  particle  loses  little  momentum.  The 
range  of  alpha  particles  varies  directly  as  the 
3/2  power  of  the  energy.  This  can  be  repre¬ 
sented  by  the  equation: 

U  =  AV^ 


wlici'e  ft  -  range,  cm 

A  =  S,67  K  10'^® 

V  =  velocity,  cm/scc 

In  summary,  alpha  particles  present  very  little 
shielding  problems.  Figure  5-84  Indicates  the 
range  of  alpha  particles  In  air.  The  range  would 
be rcduccdproportionately  in  other,  moredense 
niaterials. 


Electron  or  Beta  Particle  ShleMng.  It  has 
been  demonstrated  experimentally  that  the 
ch-irgc-to-mass  ratio  of  beta  par  tb  les  closely 
resembles  that  of  electrons.  It  hri  also  been 


jhown  that  the  spin  of  beta  particles  is  the  same 
astiiespiri  of  electrons.  Based  on  this  evidence. 


tror.d  ideiiiically. 


Unlike alplia  particles,  electrons  do  not  follow 
straig  t  lin''  patlis  and  have  dcscrete  ranges  In 
matcri.  ls.  Ii.stcad,  they  generally  experience 
considerable  multiple  scattering.  Figure  5-85 
shows  die  relationship  between  the  penetration 
range  in  aluminum  and  the  energy  of  electrons 
or  Ixita  particles.  Protons  a’-e  Included  in  the 
illusi ration  for  comparison  purposes. 


Beta  particles  are  slowed  down  by  their  In  - 
icractiuii  with  orbital  electrons.  Thus,  the 
he  a.,  lUlar  weiglit  'materials  and  those 

u'itli  (  b'sely  p.irkcd  electrons  are  most  effective 
lor  I'liieUling  putrioses.  However,  classical 
elci 'rrimagncticttieorypre'dlctslhat  as  a  charge 
undergoes  an  acceleration,  It  emits  radiant 
cnr  rgy  wliose  aipplltudc  l_s  proportional  to  tJie_ 
ai  ( I'iei  ation,  T)ic  acceleration  produced  by  a 


nucleus  of  charge  Z«  on  an  electron  of  charge 
20  and  mass  m  la  proportional  to  Tize^m.  The 
Intensity,  which  Is  porportlonal  to  the  square  of 
Uie  amplitude,  will  va,ry  as  Z^z^m.  An  electron 
in  the  coulomn  field  of  a  nucleus  can  experience 
a  large  acceleration  because  of  Its  small  mass, 
the  acceleration  being  proportional  to  the  nu¬ 
clear  charge,  Z,  divided  by  the  electron  mass. 
Thus,  more  x-radlaUon  Is  omitted  when  high  Z 
materials  are  used  to  shield  against  electrons. 
This  hazerdmis  by-product  of  the  electron  In¬ 
teraction  Is  more  ot  a  problem  than  the  original 
electrons,  because  of  the  penetrating  power  of 
X-rays. 

The  quantity  of  X-radlatlon  produced  is  dl-. 
rectly  proportional  to  tlie  square  of  the  atomic 
number  d  the  absorbing  material,  aixi  is  more 
significant  when  electrons  wlUi  encr/lc*!  greu-cr 
than  several  mev  are  Involved.  For  >;hieiding, 
It  Is  therefore  preferable  to  use  materials  wl& 
low  atomic  numbers  that  are  also  effective  in 
stopping  beta  radiation.  Aluminum  Is  a  good 
beta  absorber.  It  has  an  atomic  number  m  13, 
as  compared  to  lead  with  an  atomic  number  of 
82.  Even  though  lead  is  more  effective  as  an 
electron  absorber,  the  difference  between  atomic 
numbers  (squared)  makes  the  aluminum  the 
preferred  shield  because  of  X-radlatlon  pro¬ 
duction. 

Positron  Shielding.  Positions  are  equal  In 
m^s  to  beta  parties  and  electrons,  but  are 
oppositely  charged.  They  produce  ionizations 
similar  to  their  negative  counterparts.  How¬ 
ever,  an  additional  pioblero  Is  Involved  In  that, 
as  the  positron  slows  down.  It  unites  wltli  an  or¬ 
bital  electron,  and  an  annihilation  reaction  takes 
place.  Tv'o  gamma  photons  are  produced  with 
energies  of  0,5  mev,  or.  In  certain  cases  under 
the  Influence  of  t  massive  nucleus,  a  single  1.0 
mev  pho  .on  Is  en  .tted.  This  annihilation  char¬ 
acteristic  decreases  the  positron's  range  In  a 
material  but  presents  the  problem  of  shielding 
against  the  0.5  or  1,0  mev  gamma  photons. 
Hence,  the  total  shielding  thickness  must  be 
sufficient  to  stop  the  gamma  photons. 


Energy,  mev 


Fig.  5-85.  Penetration  depth  of  beta  particles 
and  protons  tqjUuminum  as  funcliun  of  particle 
energy. 


Protw\  Slileld^g.  Protono  undergo  two  Ln- 
t'M  :rc1  lo'iiiT  af;  Ui'cy  iravorse  material:  nuclear 
srnUeriiim  and/ur  Ionization  and  excitation.  The 
umi/.ation  caused  by  protons  is  so  Intense  that 
U)(’ ranges  of  tlicse  particles  In  air  are  normally 
only  a  lew  centimeters  (Fig.  5-86). 


Tiio  stopping  power  of  materials  la  sometimes  _ 
expressed  la  the  number  of  mllUgrams  per 
sfiiiare  centimeter  required  to  atop  die  Incident 
p-irtlcles.  The  densities  of  some  materials  are 
listed  in  Table  5-27.  Since  the  stc^iplng  of  pro- 
ions  is  largely  an  electronic  process,  and  since 
the  number  of  electrons  per  gram  of  a  material  -- 
does  not  differ  greatly  between  elements,  It 
might  be  expected  th.at  the  shielding  power  of 
variuus  elements  is  constant.  In  actual  cases,  — 
howev  er,  It  takes  a  much  greater  amount  of 
load,  in  terms  of  grams  per  square  centimeter, 
til  stop  protons  than  it  does  aluminum.  For  — 
example,  it  takes  over  one  thousand  milligrams 
per  square  centimeter  of  lead  to  stop  20  mev 
protons,  but  a  little  over  half  this  amount  of 
alimnnum  produces  Uie  same  effect.  The  reason 
lor  tills  is  that  the  tightly  bound  electrons  In 
the  Inner  orbita'  sheUs  of  the  heavier  elements 
are  not  as  easily  displaced  and  are  therefore 
less  effective  in  the  stopping  process.  Figure 
5-87  indicates  the  advantage  of  using  low  2  ma¬ 
terials  for  shielding  against  protons. 


Neutron  Shlf.lding.  Neutrons  are  uncharged 
and  are  capable  oi  penetrating  materials  to 
great  depth.s.  They  affect  matter  either  by  en¬ 
tering  tlic  nucleus  or  by  being  sufficiently  close 
to  it  for  nuclear  torccs  to  act.  Neutrons  may  be 
encountered  with  energies  as  high  as  14  mev. 
Generally,  neutrons  are  attenuated  and  finally 
slopped  In  ?.  rnr'erial  by  the  following  process: 
inelastic  collision,  elastic  collision,  and  Ihen 
.ibsorptlon  or  capture.  Fast  neutrons  Interact 
by  inelastic  collision  witli  the  medium  weight 


1  ii:.  5-8';.  Ilange  of  protons  in  Rlr. 


nuclei.  When  the  neutron  coUldes  with  tlie  nu¬ 
clei  of  ttie  shield  material.  It  Is  absorbed,  caus¬ 
ing  the  nucleus  to  recoil  and  emit  gamma  ra¬ 
diation  and  a  neutron  of  less  energy.  This  slow 
neutron  Interacts  by  elastic  collision  with  light 
weight  nuclei,  such  tus  those  of  hydrogenous  ma¬ 
terials,  causing  the  nucleus  to  recoil  as  a  pro¬ 
ton.  Tne  neutron  may  then  be  captured.  General 
practice  Is  to  use  some  light  material,  such  as 
ahydrocarbon,  polyethylene,  beryllium,  or  car¬ 
bon,  to  slow  the  faiit  neutrons  by  elastic  scat¬ 
tering,  In  order  that  they  may  be  readily  absorbed 
by  materials  wltli  high  capture  cross  sections, 
such  as  boron,  cadmium  or  lithium.  In  sum¬ 
mary,  a  neutron  shield  would  probably  consist 
of  a  laminated  structure,  such  as  a  hydrocarbon 
to  slow  Uie  neutrons;  Uien  cadmium  oi-  borua  to 


Table  5-27.  Densitiea  of  a  Few 
Selected  Elements  \ 


Element 

Atomic 

number 

Density 

(gm/om^) 

Cciri/oii 

C 

1.62 

Sliver 

47 

lO.G 

Cadnilum 

4S 

8.6 

Urmiium 

92 

3S,7 

Load 

82 

11.34 

Iron 

26 

7.86 

Boron 

S 

3,3 

Aluminum 

13 

2.7 

—  —  — 

Fig.  5-87.  Amount  of  various  materials 
needed  to  stop  protons. 
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capture  the  slowed  neutrons;  followed  by  some 
heavy  metal,  such  as  iron,  to  capture  the  gamma 
radiation. 

Gamma  Shielding.  For  shielding  against 
gam  111  a  radl  ancTnTTne  most  effective  materials 
are  those  consisting  ol  elements  having  high 
atomic  weights  and  densltltes,  such  as  lead 
tungsten,  thorium,  etc.  In  cases  where  costa 
or  other  factors  predominate,  Iron  maybe  used, 
but  tlie  amount  must  be  Ircreascd  accordingly. 
Wicrewelghtis  aproblem,  boron  or  lithium  may 
be  used.  The  probability  of  gamma  radiation 
being  absorbed  by  the  nuclei  of  atoms  is  very 
slight  for  low  energy  gamma  photons.  The 
shield  therefore  reduces  the  Intensity  of  the  ra¬ 
diation  by  home  factor.  The  thickness  of  a  ina- 
teriui  required  to  reduce  the  intensity  of  gamma 
radiation  by  one  half  Is  called  the  half  thickness. 
The  use  of  additional  layers  will  reduce  the  ra¬ 
diation  Intensity  by  one  half  again.  For  exam¬ 
ple,  two  half  thicknesses  will  reduce  the  radi¬ 
ation  intensity  to  one  fourth,  and  three  layers 
will  reduce  the  Intensity  to  one  eighth.  The  half 
thicknesses  of  various  materials  are  listed  in 
Table  5-28. 


HUMAN  PROTECTION 

Reproducing  Natural  Envlronnients/5 2/ 

The  best  way  to  protect  the  human  occupant  of 
a  fUglit  vehicle  Is  to  simulate  his  natural  en¬ 
vironment  In  the  vehicle.  For  flights  wtthinaero 
space,  tills  does  not  present  too  severe  a  pro¬ 
blem.  But  when  outer  space  flight  Is  contem¬ 
plated,  tJie  problem  of  human  protection  be- 


Tatdr  5-28.  Half  Thicknesses  of  Various  Mstertsls  • 


Photon 

energy 

Material  - 

Half  thlckneas 
(cm) 

J  .0 

Load 

1.40 

Iron 

2.49 

Concrete  ' 

8.1 

Air 

1.44  xlO'* 

2.0 

Lead 

2.15 

Iron 

3.61 

Concrete 

13.4 

Air 

2.37  X  10^ 

fi.O 

l/jad 

1.76 

Iron 

3.77 

Concrete 

17.3 

Air 

.3.8  X  10^  ~ 

comes  difficult  to  solve,  Huuian  factors  that 
should  be  ccnsldercnl  are  physical,  metabolic 
and  functional  requirements. 


Physical  environmental  requirements  include: 
pressurlsatton.  oxygen  control,  temperature 
control,  humidity  control,  ventilation  and  odor 
control,  Uluminatlon,  acceleration,  radiation 
protection,  and  noise  and  vibration.  Metabolic 
requirements  Include:  food  luid  water  Intake, 
dietary  supplements  and  waste  disposal.  Func¬ 
tional  retirements  refer  to  such  items  as  the 
amoont  of  room  crew  members  need  in  a  ve¬ 
hicle,  and  human  perception  or  reaction  to  var¬ 
ious  mstnunaits.  Once  these  requirements  are 
considered.  It  then  becomes  necessa'v  io  de¬ 
termine  thetr  cost  of  Inclusion.  Since  weight 
and  proper  space  utUleatlon  la  ol  ibe  ut.T.o8t 
Importance  In  vehicle  design,  the  cosi;  mignt  bo 
considered  In  terms  of  pounds  and  cubic  feet, 
/53/ 

Physical  Environment.  Some  Idea  of  the  weight 
involved  In  cabin  pressurization,  and  the  control 
of  oxygen,  temperature,  odors  and  noxious  gases 
can  be  obtained  from  existing  equipment.  How¬ 
ever,  It  may  be  assumed  that  technological  ad¬ 
vances  in  materials  and  design  wUi  lower  the 
equipment  wel^t  for  manned  vehicles.  It  ap¬ 
pears  that,  exclusive  of  the  pressure  vessel  that 
houses  him,  man’s  physical  environment  may  be 
ctxitroUed  with  about  100  pounds  of  equipment 

pCA  C4«y , 

Controlling  the  radiation  hazard  In  a  manned 
vehicle  Is  another  problem.  Since  certain  che¬ 
micals  In  the  body  are  more  sensitive  to  radia¬ 
tion  than  others,  a  means  might  exist  for  In- 
creaslrig  radiation  resistance  through  the  use  of 
drugs.  Cysteine,  for  example,  may  tend  to  In¬ 
crease  man’s  radiation  resistance.  The  alter¬ 
native  would  be  providing  radiation  shielding  for 
each  crew  member  in  the  form  of  cults  or  cap- 
sule-llke  chambers.  The  shields  or  chambers 
would  add  a  minimum  cf  100  to  200  pounds  per 
crew  member  and  might  be  prchlbltlvely  high 
In  terms  of  weight. 


Metabolic  Requirements.  Man’s  I'.'o-t  critical 
need  is  his  oxygon  supply:  next  is  his  water  In¬ 
take;  and  lastly,  the  solid  elements  In  his  diet. 
For  relatively  short  duration  flights,  the  gas¬ 
eous,  liquid  and  solid  needs  of  the  crew  may  not 
c^  eatc  a  problem  because  they  can  be  supplied 
through  storage.  As  flight  duration  Increases 
beyond  a  Ume  period  of  one  day,  weight  and 
space  become  critical,  so  that  greater  re¬ 
liance  must  be  placed  on  recycling  the  body’s 
waste  products. 

Fimctlonal  Regulrernc-iits.  Recent  develop- 
mixits  In  miniaturization '  techniques  make  it 
possible  to  supply  tlie  vehicle’s  crew  with  com¬ 
pact  or  Integrated  Instruments  for  communi¬ 
cation,  orientation  and  computing  purposes.  For 
space  flights,  oacli  crew  member  wUl  require 
approximately  350  cubic  feel  of  working  space. 
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1  liiiniin  Totcrancps 

Prc.ssurl7,atlon./54.55/  Since,  In  many  Ins- 
tirnccH,  it  may  not  be  practical  to  simulate 
man’s  natjral  environment -precisely,  the  on- 
vlronment  witliin  a  vehicle  may  bo  controlled 
only  wiUiin  a  certain  range  that  approximates 
man’s  nal'^rul envlronnicrt.  This  will  often  allow  — 
simpler  design,  lower  cost  and  less  welgfit. 
However,  tlie  extreme  ranges  d  these  environ¬ 
ments  must  never  be  allowed  to  exceed  man’s  -- 
limitations.  The  sealed  pressurized  cabin  does 
not  necessarily  have  to  fcc  a  sln^c  living  space, 

;)ut  rather  each  crew  member  could  have  his  — 
own  Individual  compartment  or  capsule.  The 
normal  or  ideal  pressure  Is  760  mm  of  Hg,  and 
Die  lowest  i:^crr.etrlc  pressure  that  a  human  , 
can  tolt.--.to  witliout  decompression  sickness  Is 
approximately  ,780  mm  of  Hg.  The  pressure 
should  be  somewhere  between  these  limits,  with  — 
the  mlnimumpressurenotlowertlian  500  nun  of 
Hg.  A  secondary  pressurization  system  should  — 
al  so  be  provided  In  case  an  emergency  develops 
during  the  flight,  _ 

Oxygen  Control.  /56/  A  crew  member  uses 
al»ut  0.9  cubic  foot  of  oxygen  each  hour.  For 
space  flight,  the  oxygen  can  be  stored  as  either 
a  liquid  or  a  compressed  gas.  However,  care¬ 
ful  attention  must  be  given  to  the  design  of  a 
liquid  oxygen  storage  tank  to  Insure  uninter¬ 
rupted  supply  during  weightless  conditions.  Since 
man  may  develop  some  secondary  physiological 
effects  due  to  e?:t ended  exposure  to  a  pure  oxygen 
atmosphere,  a  mixture  of  oxygon  andnltrogen  may 
i)e  desirable  depending  on  the  partial  pressure 
of  oxygen  ana  fire  hazards. 


Temperature  and  Humidity  Control.  /53/  One 
man"^!  TneasF^BouI~T2/5M~Brir  of  heal  per 


day,  about  20  percent  of  which  will  be  In  water 
vapor-  The  rate  may  vay  from  240  Btu  per  hour 
while  sleeping  to  800  Btu  per  hour  during  liglit 
exercises.  Tho  cabin  temperature  ahoidd  be 
cooled  and  maintained  between  70  and  80  F  (21 
and  27  C),  with  relative  humidity  between  40  and 
80  percent.  The  worst  period  of  temperature 
control  will  be  during  a  reentry  phase. 

The  beet  method  of  humidity  control  Is  by  con¬ 
densation  of  the  water  vapor  generated  by  crev/ 
members  and  their  activities.  Figure  5 -SB 
shows  the  approximate  human  time-tolerance  ,ib 
a  function  of  both  temperature  and  humidity. 
The  hatched  curvee  In  ITg.  5-88  are  the  tran¬ 
sition  areas  between  safe  and  unsafe  areas,. 


Ventilation  and  Odor  Control.  /52,  57/  Odors 
emanating  from  the  human  Body,  as  well  as  vo- 
latUo  and  toxic  fumes,  must  be  removed,  and 
proper  ventUatlon  must  be  st^tplled  to  maintain 
a  tolerable  envlnnmeiA.  Activated  ch.ircoal  can 
be  used  to  absorb  many  of  the  organic  gases, 
including  those  emanating  from  the  human  body. 
For  ventilatloo  around  crew  members,  a  ve¬ 
locity  of  40  to  80  feet  per  minute  around  the 
face,  and  about  40  feet  per  minute  over  the  re¬ 
mainder  of  the  body  is  sufficient  for  a  comfort¬ 
able  environment. 


lliuniiiutiion.  /^,  10/  i»»e  average  general  11- 
lumination  should  be  approximalely  50  foot- 
candles,  with  wavelengths -between  440  and  680 
millimicrons.  The  daily  cycle  should  be  main¬ 
tained  In  a  space  flight  vehicle.  To  simulate 
man’s  natural  envlrcnment,  tho  level  of  tlluml- 
natlcn  should  be  reduced  at  night,  and  at  noon  ¬ 
time  It  should  be  raised  to  the  hlgnest  level. 
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Fig.  5-88.  Approximate  human  time-tolerance  as  function  of 
toniperaturc  and  huraldlty./53/ 
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Accolerado.i.  /IJ/  For  positive  acceleration, 
nuui  In  a  supine  ponltlon  can  tolerate  15  g’a  for 
5  seconds,  10  p’s  for  125  seconds  and  5  to  6  g’s 
for  330  seconds.  IllKhir  g-levela  for  longer  ii- 
rationscanbe  tolerated  If  the  man  Is  In  a  seml- 
supLne  position.  The  problem  of  negative  ac¬ 
celeration  is  greater,  Iwt  a  comfortable  toler¬ 
ance  level  can  be  achlavedby  propervehlcle  de- 
slgn. 

Radiation  Protection.  /58,  59/  From  all 
avaiiabie  data,  man's  exposure  to  cosmic  and 
X-ray  radiation  above  100  miles  appears  to  be 
•a  ithin  tjie  present  acceptable  exposure  of  0.3 
Rem  per  week.  Except  for  solar  flares  and  un- 
forseen  problems,  solar  radiation  presents  no 
problem  tf  .iiar.  in  outer  space.  Additional  pro- 

;  against  radiation  in  Uie  form  of  a  lead 
shield  1  mm  thick,  either  Incorporated  In  the 
crew  m  -mber’s  pressure  suit  or  covering  the 
space  vehicle,  may  provide  6  mo.itli3  protection 
against  expected  forms  of  cosmic  radiation. 

Noise  and  Vibration.  A  maximum  of  40  decl- 
iHils  is  Uie  iiTirnial  operational  noise  limit  for 
man.  However,  Uie  limits  for  performance  of 
complicated  ^aske  varies  for  each  Individual. 
Various  methods  and  devices  can  be  used  for 
protecting  the  individual  erew  member  against 
excessive  noise.  They  are;  controlling  the 
noise  at  or  near  the  source;  development  of  re¬ 


mote  control  mechanisms  and  protective  struct- 
iircG  foi-  crew  members;  andiinuUy,  use  of  ear¬ 
plugs.  Vibration  will  present  no  protjlem  to  Uie 
vehicle  crew  If  It  does  not  exceed  0.16-lnch 
double  amplitude  at  a  frequency  under  23  cps. 

Food  and  Water  Intake.  /52/  For  extended 
flights,  each  crew  member  requires  3000  ca¬ 
lories  per  day  or  ^praxlmately  1.5  pounds  per 
day  per  man  of  solid  food.  To  conserve  weight, 
Uie  food  should  be  stored  In  a  deliydrated  con¬ 
dition.  Approximately  2500  ci'blc  centimeters 
or  0.66  gallon  of  water  are  required  per  day  per 
crew  memberfor  internal  consumption.  Hygienic 
needs  per  crew  member  are  small  for  short 
ratlon  flights,  but  are  approximately  15,000  cu¬ 
bic  centimeters  or  4  gallons  per  day  for  louger 
flights.  However,  with  the  use  o!  recyr'iiig 
water  svstoms,  100  to  200  pounds  of  vate*  per 
man  will  be  adequate  for  Uic  longest  space 
flights. 

Waste  Disposal,  /ll/  For  short  flights  hu- 
man  waste  products  will  probably  be  stored 
aboard  the  vehicle.  The  waste  products  con¬ 
sisting  of  urine,  wash  water  and  feces  must  be 
collected  In  a  sanitary  fashion.  On  longer 
flights,  the  liquid  waste  protiicts  can  be  purified 
ana  reused.  Tlie  recycling  of  liquid  waste  pro¬ 
ducts  may  be  accomplished  through  distillation, 
chemical  process  and  subllmsdlon. 
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CHAPTER  6 

ENVIRONMENTAL  TESTING 


Environmental  testinc  lo  neefted  to  determine 
that  ti.e  rilglil  v«  ‘.idc  and  all  Itu  equipment  will 
fuiielio;-!  prupjrly  under  the  natural  and  Induced 
eiivironmf.ntstJiat  maj'  be  encountered.  The  teat 
rnrjiii remenlr?  are  based  on  the  environmental 
requirements  deserlljed  In  Chapter  4.  The  en¬ 
vironmental  oxtrcnefl  determined  by  an  en- 
;r;  ;;-r; nr>;;l  analysis  ar"’  ga'.eraily  Increased  lo 
i.i  j  i  lo  a  -salcty  lartor,  or  dccrensed  Iwcaiiso 
an  opeiatlonal  analysic  indicates  that  Cte  oc- 
cun  ence  of  tlie  extreme  Is  rare. 

The  ideal  environmenttd.  test  would  expoae  the 
system  and  all  its  parts  to  ttie  actual  environ¬ 
ments  ((jr  hhe  exact  periods  they  would  );-e  en  - 
counlorod  during  the  lile  of  Uie  system.  But 
this  is  impractical,  Hinee  fl)  the  exact  envlron- 
lucnts  lo  be  enccojstercd  ate  generally  unpre- 
ci'i'tabic,  {2}  the  tccling  time  required  v/ouln 
render  th*?  sys'em  olisolete  except  for  extreme¬ 
ly  siiurl-lifc  items;  and  (3)  the  number  of  fa¬ 
cilities  rnd  people  lequired  to  make  Uie  teolc 
would  lie  Rotror.ornica!. 

Ti  e  most  practica!  cnviroiirnentai  test  Is  m 
accelerated  oiic,  which  fjqmprecses  long-terni 
efiectfl  into  a  eliort  ,,orlod,  However,  there  ace 
va.'iou;;  ways  ol  accelerating  environmental 
ecsis,  and  a  method  mu.ot  Iko  diosen  which  would 
not  oestroy  tt:e  validity  oi  Uie  tesi.  For  exam¬ 
ple,  U'C  liunsJiine  test  Is  accelerated  by  long- 
toj  'n  expos'ii-e  to  the  iTiaximuin  expecleci  solar 
energy  level  instead  of  increafling  the  oiiergy 
to  T,  iiighc"  icvir'I.  This  type  cu  on vi runinratal 
test  it  accelerated  in  this  mariiic-i:.  because  many 
marariaLs  will  withstand  a  certain  inaxiinum 
tolar  energy  level  lor  prolonged  pemiods,  but 
will  deteriorate  very  rapidly  if  ..tlie  testis  ac¬ 
celerated  by  iiicr(>!J<;irig  tjic  energy  levei.  On  the 
cii)-;')  hruid,  the  humidity  test  is  acceleraicd  by 
Irr  a.siiii:  'J;c  tempo ratucc  and  humidity  com- 
i  iruilion  ai'C'  c  tlint  ai  tuslly  encountered  in  oper- 
atlen  or  htorago.  Tl)is  provides  for  gr'’ater 
iuiiiiidi'.y  pciiclrat ioi'  and  for  nrany  years  has 
Irf.'cii  a  standai  d  test  ioi  equipmeiil  quaJilicatkm. 
I',\si  I'Xp'M  iciKe  proves  tliat  equipment  passing 
tins  type  ol  iimnidity  lest  is  capatie  of  hwig- 
toriii  ?t  rage  or  <iperatic>n  in  tropical  arear. 
The  vibraUnt'  tests  arc  accc'crated  by  tosUng 
at  I'u’  "lajor  resonant  frequencies  toi  long  p^:- 
rioU;-.  Tins  provifles  some  assurance  againet 
hic  I'csonant  f  re'pieru  ies. 


Scmietlmea  there  In  an  attempt  to  repixrduce 
ihe  actual  environment  tn  a  test  cliamber,  but 
more  often  an  attampt  1b  made  U,»  reproduce  the 
effects  that  a  long  period  of  exposure  to  su  e'’.- 
vlronmorit  has  tm  an  Item.  There  la  no  definitive 
asBuraiice  Uis.t  a  certa'h  period  in  a  test  cham¬ 
ber  equals  a  certain  storage  or  operational  p'e- 
riod,  even  thoup,ti  .many  attempts  have  been  made 
to  ascertain  euch  exact  corrolaiion.  Moat  en¬ 
vironmental  teelB  eatabl'oli  t>  standard  that 
equipment  miurt  rueet.,  and  from  an  environ¬ 
mental  ntandpoint  this  sepa  rates  poorly  designed 
Stems  from  those  of  good  desljiTi, 

The  eWeets  of  all  OftViroiUQfnts  eneounteied, 
as  determined  by  the  environmental  analysis, 
should  be  coosiefered  during  the  design  phase. 
All  raatenale  a!^d  eomponehts  used  must  be 
f;  'fJuatedto  see  if  tiiey  have  U,en  tealecl  for  use 
i.od(.T  tlio  anticipated  cnvit'cmmentB;  and  all 
equipment  must  pace  qualiilcatlcxi  tests  before 
tlu  Hglit  test  program  begins  In  order  to  min¬ 
imize  il.e  nuffilwr  of  failures  or  malX'uncUonn, 
tturlne  the  filsht  test  phase,  gufHelent  a.nviron- 
mental  Instrumentation  should  beprovlded  to 
detfermine  whether  tlie  earlier  predictions  of 
fsivkymments  to  be  encountered  were  realistic. 
Environmental  testing  Is  also  required  on  pro¬ 
duction  eunr^Hes  to  ».sBure  that  the  design  re¬ 
quirements  are  not  compromised  during  the 
production  phase.  Static  cllmaUc  tests  are 
accomplislied  in  the.  climatic  Hangar  at  Eglln 
Air  E'orce  Base,  Florida,  on  complete  w  eapon 
systemo  to  determine  whetJier  they  are  satie- 
factory  for  flight.  Flight  tests  are  th«»  carried 
out  \mdtr  extreme  temperature  conditions  at 
Uie  Air  E'orce  Fllglit  Test  Center,  Ciiltfornla, 
as  well  aqj  in  /ilaslca,  to  dieck  equipment  oper¬ 
ation  and  correct  any  eqidpment  deflcicncleo 
that  sliow  up  widur  nctual  hlgli-  and  low-tern- 
jmrature  operating  conditlcxis. 

Up  lo  nm*',  slnglftcr  very  slmpk'  c  ombinations 
of  cnviro-.-cment^  tests  have  bcicn  used,  How¬ 
ever,  some  research  and  deveb.ipmcn}  on  cona- 
blned  envircxirneniil  testing  in  prescaUy  bcliij; 
carried  out,  and  .n  jch  more  Is  needed.  An  Idcaj. 
lest  Ib  living  stx;glit  that  could  employ  either  or 
twit!  of  the  following  niethodH; 

1.  Envirofimentr  couici  be  pri^granijAcd  into  a 
tentdianiber  In  thn  same  order  and  inter.sity  as 
they  are  cmcounlsicd  during  aclwil  ^lil;^;U 
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2.  Sinnllicant  Inlfractlne  envlronmentfl  could 
be  conibijivd  aiitl  be  or  eulddent  Intensity  so 
Uiat  tJie  Integrated  effects  or  very  long  TOiSfilona 
or  operational  lifetimes  could  bg  concentrated 
in  a  relatively  abort  teot  time,  on  the  order's! 
10-,  20  ■,  or  30-to-l,  depending  of  course  on 
tlie  lengtli  of  the  l)aslc  missions.  ^ 

The  atwe  teets  are  generally  referred  to  as 
mission  profile  combined  environmental  tests, 
and  accelerated  combined  envlronmenlal  testa, 
respectively.  Squinment,  or  complete  weapon 
systems,  having  afiort  mission  profiles  could 
tiien  be  out  througl'  the  desired  cycle  d  er.- 
vlronmental  conditions  of  a  designated  mission 
profile.  Long  mission  profiles  might  be  more 
adaptable  to  the  accelerated  combined  environ¬ 
mental  tests,  since  the  length  of  the  testing  time 
becomes  a  problem  in  the  application  of  the 
mission  profile  teat. 

A  combined  environmental  test  must  produce 
effects  equal  to  those  produced  under  single  en¬ 
vironments  before  it  could  be  used  with  equal 
confidence.  An  attempt  to  determine  tl.e  con¬ 
fidence  level  for  various  combined  tests  must 
first  b<j  made  by  testing  similar  Items  with  the 
combined  test  and  Uien  with  the  gamut  of  indi¬ 
vidual  tests;  Jien  the  results  inual  be  correlated. 
Much  effort  Is  required,  Iwt  eventually  combaied 
Gnv'i roniiisr tal  lestbig  pi'oceuui  es  huu  comuiueu 
test  lacIlUies  will  be  established. 

The  hyper  environments  that  will  be  encoun¬ 
tered  by  safcUltes  and  space  vehicles,  and  which 
are  not  well-defined  at  the  present,  should  be 
handled  as  the  atmosphere-associated  environ¬ 
ments  have  been  handled  in  the  past.  The  ex¬ 
tremes  must  be  clearly  defined  and  their  effects 
on  Air  Force  material  detcrniUed.  If  deb,  1- 
orating  effects  are  expecinrl,  appUcai>t<i  testing 
proceaurcoaud  testing  facllUles  must  be  csteb- 
Ilshed.  An  Important  difference  between  at- 
mosphere-ar.soclated  environments  and  hyper 
environments  In  developing  environmental  tecli- 
nolcirv  ?s  tlu't  corn’oLnstlons  o?  ^rjviron- 

inents  Can  be  mads  Immediately  {ajcause  of  the 
cxpcrlcrte  pvescnUy  b"liig  gained  through  re- 
s  .arcli  with  lilt'  alniosphere-asooclated  environ¬ 
ments. 


TCSi  HFQ'JlHF.MKNTvS 

An  triciitloiicd  previously,  envlronrnerCal  test- 
Inv,  iji'gins  with  the  liaslc  rnate.-lais  and  continues 
on  tlirough  components,  equipme.nt,  subsysteinB. 
the  (omplele  weapon  system  and  tlie  ground 
suppon  equipment.  The  types  and  severity  of 
testa  used  during  the  various  slaf'.es  of  develop- 
motiiol  a  partic  ular  wcanon  system  am  evolved 
fcoin  the  envlronmentai  criteria  set  for  Uic 
eyHlei'i.  These  enviiomnwital  criteria,  In  tux'n. 
•irc  arrived  ju  by  carrying  out  envl»ufimcnt'u. 
nt.d  operational  analyscB  (Chapter  4),  Once  tlie 
fcoviroiirnwital  criteria  arc  determined  suitable 
tests  .tro  established,  In  many  raseo  using  Uio 
existing  military  specif  Icatlonts  as  gutdes.  When 
using  inlliLary  speclfK  auutia,  li  ufiould  IKJ  noted 
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that  the  test  requirements  differ  from  the  de¬ 
sign  roqulrSrnents,  and  to  test  towards  the  de¬ 
sign  remrlromente  Instead  of  the  teat  require¬ 
ments  often  results  in  overtesting  of  the  equip¬ 
ment  or  component.  Materials  are  tented  to 
determine  their  resistance  to  all  the  environ¬ 
ments  that  may  be  encountered.  Depending 
largely  on  ItX  intended  use,  each  type  of  mater¬ 
ial  18  tested  vmder  different  environments,  pro¬ 
vided  that  tlicro  is  no  general  test  requirement 
specification  available.  Components  are  ge¬ 
nerally  tested  to  tests  specified  by  MIL-STD- 
202,  "Test  Methods  for  Electronic  and  Elec¬ 
trical  Component  Parts."  A-eronautlcai  equip¬ 
ment  Is  tested  to  a  number  of  different  spaclflc- 
ations,  Including  some  that  are  contractor- 
prepared.  Specification  MIL-T-5422  "Environ¬ 
mental  Tostlng,  Aircraft  Electre  .-r,  Eaulpmcnt,'* 
is  used  for  testing  electronic  equipruent  in  ac¬ 
cordance  with  the  requirements  of  specification 
MIL-E-5400.  l^eclflcatlon  MIL-E-5272  Is  the 
primary  specification  for  testing  all  aeronautical 
and  associated  equipment.  Other  specifications 
have  been  developed  from  the  basic  document. 
The  icequlroments  for  testing  ground  support 
equipment  are  found  in  specUication  MIL-E- 
4970,  "Envlrf«mental  Testing  Ground  Support 
Equipment,  General  Specification  lor." 

StanJai'd  testing  procedures  do  not  presently 
exici  for  ali  envjxonment.8,  particularly  the  hy-. 
per  environments,  Concractors  use  the  applica¬ 
ble  standard  procedures,  modify  existing  pro¬ 
cedures  or  write  new  procedures  whers  re¬ 
quired;  modified  or  nerw  procechires  require  the 
api'roval  d  the  jirocurlng  agency. 

The  re^lretaents  for  testing  eubaystems  are 
esxentlnlly  the  same  as  tliose  for  equipment. 
Liirger  facilities  are  required  for  eubsyetem 
testing  and  there  are  no  stardard  requlrementa 
designed BpeclIlcEUy  for  subeyatems.  CoiiL’ac*- 
ors  are  reaponalble  for  the  ueveiqpment  at  moat 
weapon  e>  stems,  and  the  tread  In  onvlroniner.tal 
testljig  is  in  qualify  complolo  nubsyi.temn,  In- 
itsud  of  the  InKlvlJh"'  cquipuivnlu,  tu  Unj  ariiu- 
faction  of  Uio  px-ocurlng  agency.  Tale  though, 
does  not  obviate  the  cqulpmfe.it  envii'onmerrtal 
testing  required  tiurl/ig  development.  Tli©  flight 
test  program  affords  the  flrsi  wpoHunUy  to 
cheri  the  operation  of  the  wcnplvto  weapon 
cysicm  imdcr  actual  flight  conditions.  Flight 
test  programs  a  rn  genorallj  lastrumentar!  ac¬ 
cording  to  epociilcBt-on  Mil- 1-3269, 


ENVIHONMENTAL  TE31  INSTRUMENTATION 

Instrumeiilatlrri  here  refers  tr?  all  the 
auxiliary  dervlcea  used  ?tj  testing  a  v/tarjor. 
system  and  lb,  parts  to  monitor  both  the 
perrormnnee  o?  the  sys'.e.ri  sad  the  envlren- 
mental  oonditione  wider  which  li  is  perform¬ 
ing.  The  instruiueotation  can  be  iMcd  to 
measure  vcWclt  compartment  temperatures, 
or- the  ope*  fxtlng  temperatures  of  detail  parts. 
Other  usee  Include  measurcmciita  of  the  vibra¬ 
tion  spectrun  or  radiation  levels  In’f'osed  un 
equipments  or  certain  parts.  In  esaonce,  the 


instrumentation  Is  used  to  measure  all  anvlron- 
;::c;rita  of  In'erept,  particularly  tlmse  which  Uie 
environmental  analysis  determined  to  be  crit¬ 
ical. 

The  complexity  of  the  Instrumentation  equip¬ 
ment  varies  considerably,  depending  on  the  sys¬ 
tem  ana  lyp“  of  test.  A  relatively  simple  sys¬ 
tem  might  require  only  transducers  and  indi¬ 
cators  tiiat  personnel  can  observe.  In  a  complex 
system,  where  great  numbers  of  environments 
are  almost  continuously  monl^orocL  data  storage 
oqulpmwit  might  be  used  to  holcl  the  data  lor 
later  evaluation.  In  many  cases  during  flight 
testing,  particularly  where  there  Is  a  of 

losing  the  data  due  to  destruction  of  the  flight 
vetiictr',  provision  Is  made  for  recovering  the 
stored  aa\.a  by  parachute,  or  the  ctata  Is  con¬ 
tinuously  telemetered  back  to  ground  statloas. 
This  Is  a  necessity  with  one-shot  veblcies  such 
us  non -recoverable  mlssUeo.. 


Typical  Sensing  Instruments 

I'crhnps  the  most  important  part  In  any  Ins¬ 
trumentation  system  is  the  environment  sensing 
device,  generally  known  ai  ?  tronRriuc.’-r.  The 
sensing  device,  which  conrerts  the  envtron- 
mentid  phenomena  to  a  form  of  eiergy  that  can 
ixt  !iiore  easily  processed  and  measured,  must 
twtlicrnost  accurate  paitoi  tlie  Infltruraetjtatlon 
system.  The  eftiMing  device  may  provide  a  vl- 
eioie  indication,  a  sample  for  antdysis,  or  an 
electrical  sigi^il  for  data  processing.  Tliera 
arcrr.any  tnics  ot  sensing  devices,  desigiiieti  for 
a  variety  of  applk'.ations.  _Somc  typical  ones 
vdiictirnaytie  uic-d  for  the  various  environments 
are  listed  bi  Tables  6-1  and  8-2.  Various  vi¬ 
bration  pickups  and  .acceleioriictero  are  stiown 
in  Figs.  C-1  and  6-2,  reopectlvuly.  For  fwther 
Chita  on  environmental  sensing  devices  refer  to 
reforence/i/, 


r  fACTtlT  TEST  INSTRUMENTATION 

for  arC/'nulating  d.ita  during  vehtede  test 
nights  llixicoines  neccasHry  to  provide  a  means 
of  guaranteeing  against  the  loss  of  InlormalloQ 
in  tJw.  event  of  a  cr,ash.  A  wide  variety  of  ins- 
liuinonts  have  been  employed  for  recording 
fligjit  test  data.  Tlie  inytruments  and  techniques 
used  have  ranged  fjoin  Uie  pad  and  pencil  to 
fully  it-utoii'a'.ic:  systems.  However,  emphasis 
will  be  placed  here  on  the  multichannel  photo¬ 
graphic  osclllogriiph  and  the  tragneUe  tape  re¬ 
corder,  since  these  Iriscrumcnts  are  used  cx- 
tcnaivcly  in  noden.  recording  techniques. 

rii'coras of  tlie  Jlfgtil  test  drta  may  be  obtained 

l.y  two  nicttiods.  The  first  method  Is  radio  te- 
Icmcteriiii;.  Tlic  second  lo  termed  airborne 
rocordii'.g,  in  v/hlcti  a  dcvdcc  capable  of  m^JcUig 
a  prrniancrit  record  of  tf;r  daln  in  insla>led  in 
Ui  '  fiigliL  vt'hlrlc.  At  toe  concJuBloii  ol  the  test 
iTlglit,  Uu.'  device  )’  recovered  from  the  vehicle 
ani  the  infonialicn  is  iuialyr-ed. 


The  advantage  of  the  airborne  recording 
method  Is  that  the  complex  radio  telemetry  link 
can  be  eliminated,  thus  simplifying  the  entire 
operation.  The  advantage  of  the  telemetry 
metliod  Is  that  the  data  la  obtained  during  the 
flight,  and  therefore  the  risk  of  losing  It  in  case 
of  a  crash  or  runaway  vehicle  Is  avoided. 


Telemetered  Data  Recording  and  Processing 


The  demand  for  multichannel  radio  telemetry 
first  arose  In  the  testing  of  military  aircraft  of 
fighter  size.  The  two  original  requirements  of 
the  radio  telemeter  were  (1)  to  transmit  inform¬ 
ation  as  to  the  state  of  night  of  the  aircraft 
(slowly  varying  data),  and  (2)  to  txansmlt  the 
more  rapidly  varying  data,  such  as  flutter, 
which  the  test  flight  was  set  up  to  obtain. 


In  early  systems  fll^t  data  at  the  receiving 
station  were  dlsplayea  In  a  manner  similar  to 
the  instrument  banel  of  the  aircraft  and  then 
photographed.  The  more  rapidly  varying  data 
were  recorded  on  an  oeclllograph.  More  re¬ 
cently  duo  to  th«  need  for  rapid  ^ta  reduction, 
automatic  data  reduction  metliods  have  been 
introduced.  A  diagram  of  a  typical  automatic 
data  handling  system  is  shown  in  rig.  o-a. 


Some  data  arc  recorded  directly  on  tape  while 
!n  flight,  Bome~are  telemetered  to  the  ground 
for  recording,  and  some  are  recorded  directly 
on  the  ground.  The  central  data  processing  sys¬ 
tem  reduces  all  of  the  recorded  data  from  the 
mpjiy  sources.  There  are  two  sections  to  this 
system.  One,  called  the  "quick  look"  section, 
reduces  the  oata  to  the  form  of  oscillographic 
plots,  punched  tape  or  Ink  traces  for  visual 
Innpectlotu  This.  Information  is  not  calibrated 
or  norrectecL  bid  servee  to  Identify  those  sec¬ 
tions  ol  tlie  data  that  have  significant  Information 
and  require  refUieroent, 


The  establishment  of  a  time  code  on  the  data 
allows  the  significant  poiUons  to  be  automatic¬ 
ally  idenKll led  and  roprodiced  on  the  digital  sec¬ 
tion  of  the  data  procosslng  system.  Here,  the 
data  are  digitized  and  the  necessary  corrections 
and  ecale  factors  are  applied.  The  output  of  the 
data  processing  syetem  is  available  in  lour  gen¬ 
eral  forms: 


1.  Tabulated  data  In  a  form  suttable  for  di¬ 
rect  use  ill  reports  without  a  need  for  further 
ediHng  or  trsnscrtblng. 

2.  Point  plots  ol  the  corrected  data. 

3.  Magnetic  tape  In  binary  form  suitable  for 
use  by  a  high-speed  digital  computer. 

4.  Piuiched  cards  for  furUier  stattstlcal  a'ld 
sorting  operatloao.  or  for  entry  to  a  card- 
programmed  digital  ccenputer. 

Radio  telemetry  Is  a  complex,  highly  special¬ 
ized  fielu  In  Itself,  and  only  a  brief,  general 
description  Is  preBOiitcd  hero. 
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Tnble  *>-2,  Tyiilcal  Sensing  Devices  for  Induced  Environments 


Sending  Device 

'rlicrinu...".tpr _ _ _ 

Theimopi  le 

Tticmiorciiie'ilve  device 
1  lierrr.oclcctrlc  device 

Himctallic  clement _ 

(jp'loal^yrometnr _ 

~  Spcftogruph  ~ _ 

SI  raiii  giigca _ _ 

"TiTfr^ronllnl  trannformer 
ric/,oclc('t  rl  ^  .o'l^lor ■ 

M .las-tjpc  accclcroirieter 
~7.-!ec.ty  flux  pickii]) 

0|itiFal  p. ckpp _ 

M cctTaiTTcin  osclllatotu _ 

Spring-masB  acceler. _ 

'Mic'riiphone  _ 

Sonic  anatyxer _ 

vTTiral  ion  meter  _ 

loMiy.aUon  detectors  _ 

1‘h'itnMensitlve  emulsions  _ 

Antenna _ 

I  ivid  into nsity  rnete r _ 

HaSii)  tes't  set 


Accelent- 

tlon 


2  fi  ^ 


-T3  il  Lf  E  11 


I'  ig.  '--t.  'I'ypical  vibration  plrkupn. 


There  are  many  types  of  transducers  em- 
pl  iycd  in  radio  Iclenielry  s-  items  duo  to  the 
nuinernUH  cjuaiitltieK  whirl'  jqulre  measure- 
ini'iit.  1  lie  vibration,  sliotir  and  sustaltied  ac- 
I  el'  i  alioii  at  various  positions  on  a  missile  are 
only  a  fev/  of  llie  variables  requiring  tneasurc- 
niniii  durini;  flight.  In  addition,  nicasureincnts 
o|  teinpniature  and  pi  tssui-e,  as  veil  as  DQOn- 
iloriiig  tlie  perforrnan ee  of  tlie  fpildance  system 
I'V  nn  iijp.  of  nieatiurinj;  clertrical  signals,  are 
oi  ni|iial  or  often  I’.realer  Iniportance.  In  man- 
(iuiv'itr,  vehlib  s  Ui<'  data  are  normally  col- 
Imti  '1  ni.ii'.netieally  within  Uie  vehicle. 


Mech.  Zero 
shock  gravity 


Acous¬ 

tic 

vibra¬ 

tion 


Nuclear 

radia¬ 

tion 


Radio 

inter¬ 

ference 


Because  of  the  many  Inlormatlon  channel#  re- 
Qutred,  and  the  fact  that  It  would  be  inelliclent 
to  uBC  a  separate  radio  lint  fur  eacli  channel, 
some  method  of  transmitting  several  chann^a 
on  one  llrik  is  required.  This  tedmlqot  la  calleo 
multiplexing.  The  two  general  methods  of  nm.- 
tlplexing  In  use  are  frequency  division  and  time 
division. 

A  freimency  dlvislim  system  uses  a  separate 
subcarrier  frequency  for  each  chaiuiol.  Figure 
6-4  Is  a  block  diagram  of  such  a  system.  The 
Bubcarrler  frequencies  are  modulated  by  the 
fnfermatien  supplied  by  tlie  trsnsducers  mixed 
and  transmitted  The  receiving  equipment  sep¬ 
arates  th<  Bubcarrler  frequencies,  demo^atea 
each  carrier  and  records  tlie  Information. 

A  time  division  multiplex  syateni  allots  a 
portion  of  time  in  a  cyclic  sequence  to  each 
channel.  Figure  6-5  la  a  block  dlagiam  of  such 
a  system.  ’ITie  information  auppllecl  by  each 
transducer  la  sampled  by  the  commutator,  which 
can  ciUier  be  electromechaidca'  or  eleciroalc. 
These  modulated  pulses  are  reproduced  a!  the 
output  of  the  receiving  commutator.  Paasage  of 
tile  pulses  through  the  low  pass  filter  allows 
recovery  of  the  original  signal. 

Airborne  Recording 

The  early  moUiod  of  obtaining  data  durbig 
flight  testing  of  aircraft  was  to  have  the  pilot 
read  the  control  panel  bistrunienta  and  period¬ 
ically  'ecordtheselncUcattonR  on  a  pad  strapj  ed 
to  hl8  leg.  As  the  need  for  rnore  extensive  oaUi 
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Fig.  6-4.  Typical  frequency  division  multiplex  telemetry  system. 


grew,  the  data  on  flight  quantities  such  as  air 
speed  and  altitude  were  obtained  by  photo- 
graplilng  the  cocitpit  Instruments  with  movie 
cameras.  In  order  to  record  the  more  rapidly 
varying  data,  multlchannc;!  recording  oscillo¬ 
graphs  have  been  used.  The  most  extensively 
used  oscillograph  recorder  employs  D’Arsenval 
galvanometers  wltii  mirrors  attariied  to  the 
ccii.t.  A  permanent  magnet  supplies  tlie  mag¬ 
netic  field.  The  mirror  reflects  light  from  an 
Incandescent  light  bulb  on  to  a  photosensitive 
film  or  paper,  which  is  driven  at  a  constant 
rate  at  right  angles  to  the  plane  In  which  the 
light  beam  swings.  The  light  beam  swings  as  a 
result  of  .  otation  of  the  galvanometer  coU. 
This  arrangement  Is  shown  schematically  in 
Fig.  6-6.  Thr-e  recorders  m,ay  have  as  many 
as  fifty  channels.  Galvanometer  movements  are 
available  wltli  natural  frequencies  in  the  neigh¬ 
borhood  of  3  to  5  kc. 

Another,  newer  metliod  of  obtaining  the  more 
rapidly  varying  data  is  the  application  of  mag¬ 
netic  recording  techniques.  The  tape  can  be 
coiled  Into  a  small  armored  drum  for  those 
cases  where  recovery  is  a  problem.  The  basic 
elements  of  ♦he  magnetic  tape  recorder  are 
ftliowii  in  Fig.  ^-7.  I  he  electronic  coding  dev- 
icet;  prepare  or  encode  the  signal  information 
for  optimum  recording,  and  decode  It  on  play- 
i';>rk  in  rncover  Uie  signal  in  its  original  form. 
Tlie  magnetic  head,  or  transducer,  converts  the 
electrical  signal  into  a  pattern  ol  varying  states 
ci  magnetization  on  the  tape  medium  during  tlie 
recording  process.  During  playback,  the  trans- 
ducot  reconverts  tlie  varying  states  of  mag¬ 
netization  on  ttic  tape  into  an  electrical  signal. 
'I  he  tape  transport  drives  the  i.ape  across  the 
magnetic  heads  at  a  constant  linear  speed. 

All  attractive  feature  of  tlie  magnetic  recorder 
is  that  several  reiordln;;  processes  are  pos- 
=;iMe:  clirei  i,  firm,  pidse  duration  and  digital. 


The  direct  recording  process  has  tlie  widest 
frequency  spectrum,  but  is  subject  to  amplitude 
Inst^illty  aue  to  tsipe  drop-(xits  caused  by  Im¬ 
perfection  in  the  tape.  With  the  Im  recording 
rocess,  normal  amplitude  Instabilities  will 
ave  little  or  no  effect  on  the  recording.  This 
process  alno  has^  the  ability  to  record  low- 
irequency  signals  down  to  cic.  Good  im  also  has 
the  added  feature  of  a  dynamic  range  of  55  dr>, 
whereas  the  direct  recording  dynamic  range  Is 
35  db.  The  pulse  duralios  sucuulatlon  record¬ 
ing  process  Is  used  to  record  large  numbers  ol 
slowly  varvtng  data  signal  channels.  The  dig¬ 
ital  recorcUng  process  is  used  for  the  process 
Ing  of  edited  data  involving  dlglta'  computer 
techniques,  and  can  bo  used  as  an  Input  device, 
output  device  and  internal  storage  for  digital 
computers.  Probably  the  best  telemetry  system 
is  one  that  combines  both  the  frequency  division 
multiplex  telemetry  system  and  the  tlma  division 
multiplex  telemetry  system.  8uch  a  system  is 
shown  in  Fig.  6-8, 

Tape  recorders  come  in  various  sizes  accord¬ 
ing  To  the  desired  application.  They  may  be 
classified  as  laboratory  recorders,  porUblo 
recorders,  mobile  recorders,  shipboard  record¬ 
ers  and  airborne  recorder*. 

Tape  Playback  and  Analysts  System 

In  order  to  be  able  to  playback  and  analyze 
thenoiseand  vibration  recordings  and  to  reduce 
these  to  frequency  and  amplitude  plots,  the  En¬ 
vironmental  Division,  Engineering  Test  Direct¬ 
orate,  Deputy  for  Test  and  Support,  ASD,  Wrlght- 
Patterson  Air  Force  Base  has  recently  accniired 
aplaybackand  analysts  system  capable  ol  hand¬ 
ling  any  size  tape  from  any  recorder. 

Space-Research  Inatrumcntatlon 

Satellites  and  lunar  probes  have  employed 
many  types  of  instruments  and  measuring  sqt- 


,1.,  -I  .' 


Anfeonos 


to  Low  Pati  Filt«f  No.  3 
to  Low  Pass  Filter  No.  4 


Raoio 

Trans¬ 

mitter 


Rodio 

Receiver 


Low  Poss 
Filter 
No  3 


Recorder 
No.  3 


to  Low  Poss  Filter  No.  2 
to  Low  Pass  Filter  No.  I 


Fig,  6-5.  Typ.cal  time  dlvlelon  multiplex  telemetry  system. 


_ _ c .  _ _ • 


Suspension 


Fig.  6  5.  Tj-picoi  D’Artienval  galvanometer 
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par.'itus  to  furUier  kiiowl ndg  j  of  the  space  en- 
vir'Tjnientand  its  etlects  on  vehicles  and  equip- 
mcTit.  ThfSt  instrumetitfl  range  from  dimple 
thtriiiii.tors  to  more  complicated  Gelger- 
Mueller  counters.  In  tlie  luture,  complex  tel¬ 
evision  cameraii,  which  already  have  btjen  used 
su.;t  ecslully  to  Iranst  lit  pltiures  ol  the  Earth’s 
cloud  cover  Iroin  satt -lites,  will  be  used  t;>  take_ 
close-up  pictures  of  the  Moon  and  planets.  The' 
Inatrumontation  used  in  space  vehicles  must  be 
compact,  efficient,  reliable  ana  conipallble  wllh 
the  te!‘'ir\etry  system  used  with  the  vehicle.  The 
Hpecilic  instruments  contained  In  a  space  vehi¬ 
cle  V'ry  widely,  depending  on  Ii  ctore  such  as 
the  nii.ssioii  ol  ti'.e  veliiile,  Its  size,  and  the 
ixiwer  sources  uvailable lor  the  Inetrumenlallcin. 
.Additional  iriL’Tnat  Irjii  on  space-vehicle  Ins- 
truiiicnt aiion  i:,  cMitalncd  In  reference  /2/. 


Future  Trends  In  Flight  Test  Inatr.i  men  tat!  on 


It  can  be  concluded  that  the  future  trend  in 
ntghi  test  Instrumentation  will  lean  heavily  to¬ 
wards  electronics.  However,  because  c£  In¬ 
herent  resolution  llmltatlono  In  electronic  sys¬ 
tems,  optical  systems  will  still  bo  employed 
extensively.  Therefore,  it  is  probable  that 
sophisticated  combinations  ci  electronic  and 
optical  systems  will  be  used,  with  the  emphasis 
on  electronics. 

The  refinement  and  development  of  totally 
electronic  omnidir  ectional  tr^ectory  systems 
wLU:  (1)  permit  complete  Independence  from 
atmospheric  condltloos;  (2)  Improve  tracking 
distances-  (3)  pornUt  automatic  acquisition  of 
targets;  (4)  re^ce  ttie  manpower  required  for 
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Fi[;.  f)-8.  Combination  frequency  and  time  division  multiple*  telemetry  system. 


instrumentation,  even  perliap.9  to  the  extent  of 
complete  remote  station  operation;  and  (5)  prod¬ 
uce  electrical  data  outputs  suitable  for  mag¬ 
netic  recording  and  subsequent  automatic  pro¬ 
cessing,  or  for  real-time  computations  for  test 
control. 


ruily  aetom  ed  theodolites,  ■which  dispense 
Willi  pholograptiic  images  for  altitude,  intercept, 
and  event  information,  can  be  expected  In  the 
future.  This  instrumentation  output  will  consist 
of  luliy  digiliaed  azimuth  and  elevation  snail 
ainUe.s,  and  digitized  tracking  error  Information, 
vliu'b  c:m  1)0  led  dlrccUy  Into  Uie  computer 
tuiiier 


CNVIliONMl-lI'i  f  SIMULATION  AND  FAClLn'IES 

In  order  to  make  'Jio  environmental  tests  nec¬ 
essary  tf>  evaluate  flight  vehicle  systems,  fa- 
eilitie.s  for  exposing  Itie  various  equipments  *0 
lie' environments  iiiu.sl  be  available.  In  choosing 
lomirelia.'^c  or  design  an  environmental  facility, 
or  U)  rent  the  urre  of  an  existing  mtlitary  or 

oineit  t  ( i.'il  facility,  certain  Information  con- 
<  ernin';  the  lacillly’s  rcqni rwneiils  should  be 
un'.li'i  .100(1  by  tlie  engineer  so  Urat  envl'X’v  ■ 
nil  nta'  testing  ean  l)e  rcali.stlcally  pcrfor...oa. 
lie  i  i'  .are  vai  loins  nictliod.s  of  simulating  en- 
V 1 1 ' iiH  hotli  In  lire  field  and  in  tire  labora- 

boy,  Theio  are  also  many  iinporlant  factors 
(  (>iK  I  Miing  the  fari lily's  iii.sl  i  uinentatiun,  general 
ill  'nr.ii  an'l  lor  al  ion. 


Laboratory  Environmental  Simulation 

Laboratory  simulation  of  the  environments 
encountered  In  flight  was  given  its  greatest 
Impetus  during  World  War  II,  The  Korean  War 
ana  the  launching  of  the  Sputniks  provided  ad¬ 
ditional  Impetus,  with  the  latter  putting  part . 
Icular  emphasis  on  the  importance  of  simulating 
space  environments.  The  need  for  environ¬ 
mental  simulation  first  became  significant  dur¬ 
ing  World  War  U  because  of  the  need  to  supply 
Russia  with  suitable  cold  weather  equipment, 
and  Bubseqrucmiiy  uecaasu  of  uie  Increase  iii  de¬ 
sign  complexity  c)f  military  equlpmcait,  with  a 
corresponding  Increase  in  its  cost.  During  the 
above  periods,  there  developed  a  race  for  mil¬ 
itary  technological  achievements,  which  required 
advancing  the  state-of-theart  in  sclentTlc  fields 
tliat  were  relatively  unknown  prior  to  that  time. 
Cofisecjuently,  tlie  demand  for  knowl^ge  and 
superior  equlpmcxit  under  accelerated  condi- 
tlcns  resulted  In  reduced  lesearch  and  develop¬ 
ment  time. 

Another  condition  first  Imposed  by  Uie  mil¬ 
itary  during  Uiese  periods  was  Uie  specification 
of  a  "reUaljlUty  lactor,"  which  required  the 
suppliers  of  military  equipment  to  develop  and 
accumulate  dale  tolllustrate  adequately  Uiat  the 
system  ••'ould  satlcfy  all  requirements. 

Ill  order  to  comply  with  Uio  new  military  re¬ 
quirements,  InAislry  had  to  abandon  older  de¬ 
sign  and  manufacturing  concepts  and  seek  now 
ways  of  producing  reliable  and  hlgldy  complex 
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equipment  In  a  short  time,  as  weU  as  In  the  most 
efonomlcaJ  manner  posslUe.  This  resulted  in 
tiic  widespread  use  of  laboratory  simulation, 
whieh  allows  the  selection  and  evaluation  oi 
materials  components,  equipment  and  aub- 
sysiems  tfiat  can  be  aepended  upon  to  meet 
service  conditions,  to  be  made  while  the  weapon 
is  in  L’.--  early  development  stages. 


d  those  approaclies  is  best  adapted  to  distinct 
stages  of  system  development  as  shown  below: 

Approach  Developmait  Stages 

Blacic  box  Breadboard  engineering 
prototype 


HovIp<t  opiprted  thp  correct  matertats  and 
coniponents,  the  Items  produced  by  various 
manufacturers  can  be  evaluated  under  simulated 
conditions,  and  the  specific  Item  and  mnmifac- 
turer  providing  the  best  performance  possible 
in  tlie  equipment  can  be  determined.  Subsystems 
or  complete  systems  can  be  tested  to  determine 
and corrc'i  deficiencies  during  the  breadboard- 
liii:  or  dcvelopmrait  stages,  of  the  program, 
wliiie  tills  does  not  guarantee  a  puctessful field 
operation,  it  greatly  improves  the  chances  of 
success.  — 


By  using  laboratory  simulation,  the  time  nec¬ 
essary  for  tJic  research  and  development  of  mil¬ 
itary  systems  has  been  reduced  to  the  point 
where  it  is  now  almost  compatible  with  military 
requirements.  The  use  of  the  laboratory  to 
prove  the  success  of  a  design  prior  to  field  test¬ 
ing  has  resulted  in  considerable  cost  savings. 
A  rciaciveiy  small  number  of  systems  can  ;>e 
used  continuously  In  the  laboratory  to  prove  de- 
signfeasibiliiy,  but  for  the  same  amount  of  data 
to  be  oijtalned  in  the  field,  a  great  number  of 
systems  would  be  required,  particularly  in 
the  tase  of  ntxi-recoverable  missiles.  The 
simulation  capabilities  used  during  the  de¬ 
velopment  program  can  also  be  used  to  eval¬ 
uate  the  pr^uct  during  the  production  phase  of 
the  nregram  to  .assure  the  military  that  quality 
levels  arc  being  maint.alned. 


Environmental  Test  Techniques 

A  M  <va  « ,  uia  ^ a V  a  W  Ul^ 

vironmental  evaluation  of  an  electronic  or  ciec- 
tromcchanical  system.  The  three  approaches 
arc  termed;  (1)  black  box  method;  (2)  sub¬ 
systems  mcUiod;  and  (3)  system  m.etiiod.  Each 
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l  ii;.  G~'J.  Typical  I'lack  box  laljoratory  test. 


Subsystem  Manufactured  prototype  and 

qualifications 

System  Justification,  reliability  and 

qualification 

“  In  addition  to  the  three  basic  approaches,  tlM 
equipment  under  test  may  be  operating  cr  non¬ 
operating.  WheUmrthe  equipment  is  to  be  oper~ 
"  atlng  or  non-operating  ouring  the  test  depends 
upon  the  environment  to  which  it  is  subjected. 
^  For  example,  the  equipment  is  not  operating 
during  normu  transportation.  Therefore,  the 
equipment  would  be  non-operating  coring  the 
simulated  test  junder  the  shock  and  vibration 
levels  normally  encountered  In  transportation 
and  handling.  Another  example  of  non-operative 
_  testing  Is  "temperature  soak."  This  is  one  of 
the  environments  encountered  during  storage  of 
the  equipment.  Conversely,  if  the  equipment  is 
_  normally  operating  in  service  under  a  ceitaln 
environment,  the  equipment  should  be  operating 
when  this  environment  is  reproduced  in  the  lab- 
--  oratory.  — 

Reproduction  of  an  environment  in  the  labo- 
ratory  is  accomplished  through  the  use  of  spe¬ 
cially  designed  equipment,  generally  referred 
to  as  environmental  facilities,  These  faculties, 
are  covered  later. 


—  Black  Box  Method.  In  the  black  box  method, 
all  packaged  equipments  comprising  the  system 

—  are  subjected  to  the  environments  separately. 
Figure  6-9  is  a  diagram  of  a  typical  laboratory 

«a i 1_» B_  1 A at-  mi  -  1  I  t  I  ^ 
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Is  subjected  to  the  required  environment,  and 
aU  outputs  from  the  box  are  monitored  during 
the  tcct  for  Indlcatlone  of  malfunction.  Aside 
from  the  e  vironmental  faculties,  some  adHi- 
tlonal  equipment  may  be  required.  During  a 
chock  and  vibration  test,  for  example,  a  holding 
fixture  is  required  to  provide  the  mechanical 
connccUon  between  the  black  box  and  facility. 
Figure  6-10  is  a  diagram  of  a  typical  develop- 
ment-U’pe  vibration  test  being  conducted  on  a 
black  box  basis.  The  black  oox  is  set  In  Us 
holding  fixture  and  connected  to  the  moving  el¬ 
ement  of  the  shaker.  An  accelerometer  Is 
placed  adjacent  to  ihe  mounting  points  of  the 
black  box  for  the  purpose  of  monitoiiiu}  and 
controUlng  the  vibration  input  ievuls.  m  the 
case  shown  in  Fig.  6-10,  the  black  l>ox  is  equip¬ 
ped  with  vibration  isolators.  Tlie  vibration 
levels  at  critical  places  within  the  black  box 
arc  monitored  to  obtain  engineering  Information 
for  development  purposes.  AU  the  black  boxes 
of  Uie  system  are  tested  in  a  manner  whlcli  wiU 
point  up  the  IrJieront  weakiicssrs  in  the  design. 


Fig.  6-10.  Typical  laboratory  vibration  test. 


One  disidi'-antago  of  the  black,  box  method  ol 
evaluation  Is  tliat  test  equipment  capaole  of 
monitoring  many  signals  simultaneously  Is  re¬ 
quired.  I'l  some  canes,  the  production  test 
equlpmeri  is  not  capoijie  of  slmultancoufl  meas¬ 
urement  and  some  modifications  are  required. 
AnoUier  disadvrjitage  Is  that  the  Interacting  eff¬ 
ects  among  ‘he  black  boxes  of  tlie  complete 
system  canrnt  !>•  determined  or  readily  pre¬ 
dicted. 

The  advantages  of  i!!0  black  box  method  are 
that  pcrfoi  mance  ot  development  work  Is  con¬ 
venient,  trouble-shcotinf;  problems  are  kept  to 
a  minimum,  and  sysism  operating  time  does  not 
become  excessive  Si'-c--!  only  one  boxio  operat¬ 
ing  during  a  te.'jt. 

Sub-System Metlioc..  hi  t.  e  subsystem  method, 

C' 1 1 V ,  .  f  «r  c?  t  rk  rvA  to  r-r-..  in  i 
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ment  as  sliown  In  Fig,  6-11.  Wherever  possible 
all  tiic  black  boxer  are  subjected  to  the  environ¬ 
ment  slmulfancousty.  In  Uie  case  of  the  vibra¬ 
tion  environment,  tills  may  not  be  possible  due 
to Uie limited  capability  of  the  shaker.  In  either 
case,  all  Uie  lioxe''  must  toe  operating  to  test 
subsystem  operation.  Trouble-stiootlng  Is  more 
dlifkull  v^llli  tills  nicUiod.  and  environmental 
dcveliTimieiil  work  is  normally  not  employed  due 
to  Uic  complexity  oi  tJie  setup. 

Sy nten^ Mchlioci.  In  Uie  system  mctliod,  an 
eiilire  sysTT'inTsIntegrated.  A  typical  example 
oi  Oils  Is  shown  in  Fig.  6-12.  The  operation  Is 
on  a  '  closed  loop"  basin.  System  performance 
may  tx'  monitored  liy  obnorvlng  (In  Uiis  case)  the 
search,  lock-on  and  track  modes  of  tiie  system, 
AUlioni’.h  application  of  tills  meUiod  dqionds  upon 
Ihciuiniber  of  iioxes  comprising  the  eystena,  Uie 
mcUiot!  ha.s  Um  advantage  ttiat  Uic  type  ol  test 
rcRults  obtained  are  more  meaningful  In  terms 
of  overall  sy.stcin  pcrlurmancc.  For  example. 


Fig.  6-11 ,  Typical  subsystem  laboratory  test. 


a  voltage  which  Is  out  ef  specification  at  some 
point  In  the  system  may  cause  violent  oscilla¬ 
tions  of  the  turret  assembly. 

The  system  method  Is  particularly  advanta¬ 
geous  for  qualification  testing,  where  the  aim  Is 
to  demonstrate  that  the  system  wlU  function 
satisfactorily  In  the  environments  to  bo  encoun¬ 
tered.  The  system  should  have  been  "debugged" 
during  the  design  and  development  tests,  and 
little  difficulty  is  anticipated  mulng  the  system 
qualification  test,  unless  combined  environments 
are  also  Imposed  cn  the  system. 

The  disadvantages  of  this  method  are:  (1) 
testing  requires  the  use  of  large  environmental 
facilities,  (2)  there  Is  a  long  setup  time  required 
for  system  Integration,- and  (3)  troubleshooting 
is  more  complex.  A  malfunction  of  the  system 
may  bo  traced  lu  tiie  particular  box  causing  Uie 
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trouble,  ttut  isolating  the  failure  wlthlnthebox 
i  t-quirea  tliat  it  be  disconnected  from  tl»e  sys¬ 
tem.  Tills  results  In  down  time  of  the  environ- _ 

mental  chamber.  If  the  box  Is  removed  and  re¬ 
placed  in  the  system,  and  the  test  Is  continued, 
tiie  chamber  down  time  is  avoided,  but  then  It . 
becomes  necessary  to  supply  system  spares. 
Also,  tlie  faulty  box  will  not  be  exposed  to  the 
full  duration  of  the  test.  Back-up  teats  may  be~ 
required  c;i  Uie  box  removed  from  the  system 
lor  liio  purpose  of  latiure  analysis  and  develop- 
ment  work. 


System  life  becomes  a  problem  with  this 
mcLhod.  In  the  case  of  vibration,  where  each 
box  is  tested  separately,  the  system  must  bo 
in  operation  curing  the  entire  t,.  me  required  for 
testing  all  the  boxes.  Repeated  failure  and  re¬ 
placement  of  parts  under  a  given  environment 
may  re.suU  1-  additional  failures,  which  are  due 
to  excessive  exposure  and  not  equipment  design. 


Ttie  system  method  outlined  above  is  also 
applicable  in  flight  vehicle  system  tests  in- 
vijivlng  iriissiles,  satellites,  or  space  vehicles. 
Ttie  grc:;i  ost  problem  in  the  flight  vehicle  test 
(Fig.  6-13)  is  correlating  the  environments 
of  an  actual  mission  profile  to  tlrose  around 
.tie  vehicle  in  the  test  chamber  as  well  as  to 
tficsc  o!  the  equipment  within  the  vehicle,  and 
of  coTidensIng  the  testing  time  for  long  duration 
veliifles.  Such  testing  will  help  utKOver  sifc- 
system  integration  problems,  If  correlation  can 
lie  developed. 


Sini-1,  Environment  Testing 


Smide  environment  testing  is  the.  exposure  of 
ti  e  e(juipment  to  the  envlronmctils  one  ata  ttrne. 
tJsu  iily,  eaclilest  is  carried  out  by  successively 
itic  rea.'.ing  the  severity  of  the  e[ivirr>nmcnt  to 
(1,..  .,,11. 1  laiiuic-  oi  to  a  point  that  will 

i;i’.  e  assurance  that  tiie  eqiilpnienl  will  perform 
s  vf  islai  torily  witliin  the  range  erf  onvironment  ex- 
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peeled.  In  the  case  of  low  temperature  testing, 
a  motor  may  be  operated  sequentiaUv  at  am- 
blentGOl  -40F,  -20  F,  0  F,  +20  F,  ^40  F,  c50  F, 
+65  F,  +100  F,  or  any  otoer  selected  points  In 
the  expected  range  of  service  life.  The  grad¬ 
uated  cliange  In  exposure  sovortty  perndts  a 
definitive  fallu're  analysis. 


The  advantages  of  slnde  environmental  test¬ 
ing  are:  (1)  is<>li«tion  of  the  cause  of  failure  Is 
relatively  easy  since  there  are  less  variables 
to  contend  with;  and  (2)  reasonably  simple  and 
straightforward  laboratory  simulation  and  in¬ 
strumentation  facilities  are  required. 


The  disadvantages  of  single  envux'iunent 
testing  are  flumerous.  The  tost?  ere  gen¬ 
erally  stretched  over  a  longer  spa.i  oi  time 
which  sometimes  may  approach  the  equipment’s 
valid  service  life.  Also,  although  facilities  for 
slmula'^'.onare  reasonably  simple, morefaciUties 
may  be  necessary  to  make  the  required  tests  in 
the  required  time;  and  since  the  true  sendee  en¬ 
vironment  is  not  simulated,  numerous  other 
single  environment  tests  must  be  made,  and  then 
multiple  or  actual  service  tests  must  be  run 
to  obtain  true  correlation.  Another  disadvan¬ 
tage  of  single  environmental  testing  is  that  the 
Interaction  of  two  environments  cannot  be 

CKcv+trnrl  p^fiTr««>1(Ck  o  fFimt  woltya  fhA 

Atlas  missile  performed  satisfactorily  under 
single  vibration,  temperature  and  acceleration 
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icHtB,  but  isiled  In  tllgiit.  It  wae  found  that  tho 
rombbied  vibration  and  acceleration  caused  the 
valve  shall  to  bind. 

Another  Important  consideration  when  maWng 
rlnnle  environment  tests  Is  Uie  sequence  of  the 
Individual  'nets.  To  oUc'n  as  much  test  data  as 
possible  from  a  'est  Item,  the  tests  should  be 
made  In  the  oroer  of  Increasing  damafje  poten¬ 
tial.  This  sequence  should  be  established  be¬ 
cause  such  tests  as  vibration,  shock,  accelera¬ 
tion  ?Jid  salt  spray  are  more  destructive  than 
the  remalniny:  environments.  Therefore,  if  the 
equipment  is  subjected  to  tliese  destructive  en¬ 
vironments  first,  there  Is  a  possibility  that  the 
equipment  w  'll  be  more  susceptible  to  failure 
during  tj;c.  less  destructive  environmental  tests, 
btn  lies  have  been  performed  to  dtlerrolne  the 
best  sequence  of  environments  for  testing.  One 
of  tliese  studies  Is  described  In  reference  /3/. 
The  sequencing  that  resulted  from  this  study 
has  been  included  in  MIL-E-5273C. 

The  reliability  of  single  environment  testing 
is  limited.  F.xtrajxjlatlon  of  the  test  data  and 
correlation  to  service  life  have  Inherent  short- 
combigs  as  compared  to  Uie  combined  environ¬ 
ment  approach. 


crmiibined  Lnvironment  Testing 

Combined  environment  testing  might  produce 
better  cori.-Jalod  data  since, -when  combined, 
Uie  environments  more  precisely  duplicate  the 
actual  service  conditions,.  However,  correlation 
factors  for  combined  environment  testing  need 
to  l>c  developed.  AnoUier  advantage  ol  combined 
environment  testing  is  tnat  since  various  en¬ 
vironmental  tests  are  ccnducted  more  or  less 
simultaneously,  less  overall  lime  Is  generally 
required  for  combined  testing, than  for  single 
te.'Uing.  Thi.s  also  brings  about  a  savings  in  the 
ti  Tie  and  cost  required  for  setting  up,  checking, 
aiK*  phinnlng  Uie  tests.  In  addition,  since  less 


are  foUowefl, 
tlic  single  ones. 
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At  present,  Uie  firlmary  disadvantage  of  com- 
luned  environment  testing  Is  Uie  difficulty  In 
eslablishinr  thei  jusc  of  test  failures  that  occur 
during  combined  te.silng.  Another  disadvantage 
is  that  .1  Loi.ibicf  cifacLllly  has  a  high  Initial  cost, 
riu'fhasinp  equipment  necessary  to  perform 
tests  on  a  single  environment  basis  might  re- 
d'lce  Uio  bi'.Ual  costs  considerably;  but  this  Inl- 
ti.il  saving  is  less  real  Uiaii  It  appears  at  first. 
The  in.livkium  pieces  of  equipment  purchased 
ler  .single  crvlrorimcnts  would  require  more 
iioor  spece  Uuin  a  combined  facility.  In  addition, 
till-  time  required  to  move  crounl  ind  set  up 
equipment  for  Itio  various  single  tests  might 
t:ike  tip  a  good  portion  of  the  overall  testing 
s(  l■.edlLle.  'T.'io  cost  of  this  type  of  nonproductive 
:u  tivi'.y  sliould  be  considered  when  the  ccono- 
iiiie.s  of  (ornlilned  ver.sus  .single  environment 
t(  st.s  ari‘  estimated. 


A  combined  environment  test  failure  may  re¬ 
quire  several  costly .  time -consuming  single  en¬ 
vironment  diagnostic  tests  before  the  cause  ol 
Ute failure  is  found.  This  is  compensated  for  to 
some  aatent,  thougli,  bj’  the  possibility  that  a 
combined  environment  test  may  produce  a  fail¬ 
ure  that  would  not  have  been  detected  under 
single  environment  testing. 

The  degree  and  rate  of  combination  of  the 
service  envlronmaits  may  be  difficult  to  simu¬ 
late.  What  Is  more,  the  degree  and  rate  of  com¬ 
bination  may  not  always  be  known.  These  con¬ 
ditions  result  in  a  hi^er-cost  facility.  The  cost 
of  obtaining  quantitative  data  or  calculating  ex¬ 
pected  data  should  be  considered  as  a  pert  of 
the  overall  problem. 

Many  combined  test  facilities  have  been  built, 
but  very  little  work  has  been  done  to  determine 
the  confidence  level  of  combined  environment 
testing.  The  United  States  Testing  Company 
has,  however,  completed  under  Air  Force  con¬ 
tracts  study  to  determine  this  confidence  level. 
The  results  of  the  study  are  not  conclusive. 

It  appears  that  icomblned  environment  testing 
has  greatest  application  in  qualification  and  re¬ 
liability  testing.  The  single  or  simple  combined 
test  faculties  will  always  be  required  for  re¬ 
search  and  development,  as  well  as  for  Isolating 
problem  areas  encountered  la  combined  tests. 

Correlation  of  Actual  to  Test  Environments 

Correlation,  as  applied  to  the  field  of  environ¬ 
mental  cnglnccrlns,  refers  to  the  effects  of  a 
-simulated  environment  upon  a  subject  under 
test  ns  compared  to  tlie  ettocts  of  an  actual  en¬ 
vironment.  True  correlation  occurs  when  the 
-same  type  ai  failure  can  be  produced  by  simu¬ 
lation  testing  under  controlled  laboratory  con¬ 
ditions  as  occurs  under  actual  service  condl- 
'^ions. 

Ideally,  correlation  can  be  establialied  if  the 
'  service  environmenl  Is  exactly  duplicated  In  the 
laboratory.  However,  this  approach  1;;  not  gen¬ 
erally  practicable  for  most  tests,  since  the  time 
^of  exposure  must  Tio  considered.  Most  often, 
accelerated  tests  are  used  in  the  laboratory,  and 
this  is  the  major  cause  of  the  difficulty  in  ob- 
~-talnlng  true  correlation.  This  acceleration  Is 
required  to  enable  qualification  of  equipment 
end  subsystems  to  match  the  development  sched¬ 
ule  of  the  weapon  syst'im.  An  example  of  this 
is  the  vibration  environment.  A  part  may  fall 
bi  the  actual  environment  after  six  months  of 
use  and  the  cause  of  failure  may  be  attributed 
_to  fatigue.  To  duplicate  tb's  corditlon  In  U;e 
:.lu.  y,  M  ciA.lbtuous  test  is  generally  run  at 
vibration  isasonmce  until  failure  occurs,  Cor- 
Telatlon  tjf  the  test  and  actual  failures  Is  pos¬ 
sible,  but  Is  not  exact.  Nevertheless,  as  long  as 
the  limitations  are  recognized,  enough  correla¬ 
tion  data  can  generally  l>8  oMained  so  that  tlie 
part  can  be  effectively  redesigned. 
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Correlation  can  be  Improved  when  combined 
environments  are  used  to  simulate  Die  closest 
approximation  possible  to  the  service  envlron>“ 
mont.  For  many  types  of  missiles,  laboratory 
simulation  of  combined  raivlronments  has  ad¬ 
vanced  to  the  point  where  simulated  missile 
ni^;,'  1  profiles  cum  be  reproduced  ttat  are  very 
close  to  tric  service  environments  and  real  time 
cycling.  This  Is  possible  mainly  because  of  the 
relatively  short  time  duration  of  missile  flights. 
For  otlier  flight  vehicles,  which  have  a  longer 
life  and  are  used  under  many  varied  conditions, 
combined  environment  simulation  is  more  dlX- 
flcult.  Much  research  is  needed  to  develop  cor¬ 
relation  factors  so  that  a  long  service  life,  such^ 
as  that  experienced  by  parts  In  orbital  or  space 
vehicles,  can  be  reduced  to  a  short  time  lab-^ 
oratory  test. 

For  the  best  design,  the  engineer  must  rec¬ 
ognize  where  correlation  may  be  weak,  and 
compensate  for  It  with  experience  and  Judgment. 
The  laboratory  results  must  be  extrapolated  to 
parallel  tlic  service  environment  results.  The 
accumulation  of  data,  experience,  and  test  ver¬ 
ification,  plus  a  continued  effort  to  produce  true 
environment  simiilatlcn,  will  all  lead  eventually 
to  the  best  correlation  possible.  Work  in  this 
area  Is  currently  being  conducted  on  the  select¬ 
ion  of  standard  envlrcnmesital  teat  specimens. 
/M  Thes  j  standard  test  specimens  are  Items 
that  will  react  In  a  predictable  and  speciiic  way 
to  each  environment  and  only  to  that  environ¬ 
ment,  They  will  Integrate  both  the  Intensity  of 
Uie  stress  a.nd  the  time  of  exposure.  It  is  be¬ 
lieved  that  development  of  sudi  specimens  will 
allow  develfipment  of  realistic  combined  en¬ 
vironment  tests  for  reliability  assurance  pur¬ 
poses,  and  will  allow  development  c<  more  ac¬ 
curate  corrc’atlon  factors  than  Is  now  possible. 


SIMULATION 

For  environment  simulation  to  fulfill  Its  fimc- 
tlon  It  must  provide  correlated  data.  The  re- 
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to  a  gr.^at  extent  by  how  the  environment  is  si¬ 
mulated.  The  following  paragraphs  describe 
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Fig.  6-14.  Typical  setup  for  captive 
missile  test. 
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meats,  both  In  the  field  and  the  laboratory. 

Field  Methods 

There  are  definite  limitations  on  reproducing 
environments  in  the  laboratory.  In  gaieral, 
larger  and  more  massive  items  have  greater 
llinttatloas.  The  laboratory  reproduction  of  a 
single  environment  Is  Impossible  In  many  cases 
due  to  the  weight  and  size  capacities  of  present 
environmental  facilities.  Since  a  degree  of 
operational  confidence  is  required,  field  facUl- 
tlea  have  been  built  that  wUl  simulate  an  oper¬ 
ational  envf  Tonment  to  a  greater  extent  than  Is 
DOW  possible  in  the  laboratory.  The  principal 
disadvantage  d.  this  type  of  simulation  is  that  in 
some  cases  It  takes  too  long  to  execute  a  sella¬ 
ble  test. 


Tides  a  good  means  of  duplicating  some  oi  the 
natural  environments  that  will  be  encountered 
by  equipments.  For  tests  involving  temperature, 
wind,  and  dust,  altitude,  rain,  snow,  sleet 
and  humidity  the  environmental  engineer  can 
take  advantage  of  natural  weather  conditions 
that  more  or  less  systematically  recur  at  var¬ 
ious  locations.  Certain  polar,  tropical  and  de¬ 
sert  geographic  locations  provide  useful  environ¬ 
mental  extremes  for  reliable  testing.  In  cases 
where  such  remote  areas  are  uneconomical  to 
use,  the  United  States  Itself  provides  weather 
extremes  that  arc  often  sufficient,  particularly 
in  the  northwestern  and  southwestern  parts  erf  . 
the  country. 

These  natural  weather  extremes  are  not  too 
difficult  to  simulate  by  means  of  environmental 
facilities,  and  such  facilities  provide  control, 
which  is  not  true  lor  any  natural  condition.  Such 
facilities  will  be  disenissed  In  later  paragraphs. 

Captive  (Static)  Tests.  Captive  tests  provide 
a  means  ol  approximating  very  closely  actual 
flight  conditions  while  testing  a  complete  vehicle 
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tern  can  be  operating,  except  that  the  vehicle  is 
restrained  from  flignt.  The  basic  needs  of  a 
captive,  or  static,  test  facility  ^-e  similar  to 
those  at  a  flight  test  base,  except  for  the  ad¬ 
dition  of  a  flight  restrainmg  stneture  and  an 
exhaust  dispersion  means.  A  diagram  of  a  typ¬ 
ical  restralnhw  svstem  used  with  a  missile  is 
shown  in  Fig.  6-14.  The  purpose  of  the  captive 
test  Is  to  discover  and  solve  any  development 
problems  tliat  may  arise  under  simulated  flight 
conditions.  The  primary  advantage  of  this  type 
of  test  Is  that  It  is  Inexpensive  compared  with  a 
flight  test.  Also,  with  one-chot  vehicles  such  as 
missiles,  several  tests  can  be  accomplished 
wTUioul.  aa..„jr  of  damage  or  loo»  of  dalt  oio  to 
a  crash,  so  that  simpler  Instrumentation  can  be 
used. 

At  present,  it  is  still  considered  Impractical 
to  carry  out  captive  tests  of  conditions  such  as 
stage  separation,  aerodynamic  loading  due  to 
maneuvers,  acoustic  noise  due  to  aerodynamic 
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turbulonco,  and  hlph  altitude  pressures.  Prob- 
ai)ly  Uic  Kf-'atust  deficiency  In  this  type  of 
Klmulatlon,  as  well  as  In  sdl  other  types.  Is 
lack  of  correlation  factors.  Present  tech¬ 
niques  limit  the  simulation  of  flight  condi¬ 
tions  to  firing  the  propulsion  system  and 
limited  closed  loop  maneuvers. 

Tlie  design  of  tlie  restraining  system  is  a  ik.ey 
factor  In  conducting  a  satisfactory  captive  test 
since  It  influences  vehicle  response  to  control 
system  forces  and  vibration  forces  generated 
by  the  engine.  There  are  cases  on  record  where 
tlie  resonant  response  of  undamped  rigid  mounts 
led  to  disastrous  effects.  Computer  studies  have 
been  carried  out  for  tlie  purpose  of  analyzing 
the  of  tlie  restraining  system  upon  both 

tjie  vibration  environment  and  the  vehicle  re¬ 
sponse.  The  results  of  one  particular  study 
involving  only  vertical  vibrations  showed  that  a 
restraint  stiffness  could  be  specified  that  would 
allow  duplication  of  the  freefllght  vibration  en- 
vli-onmcnt  above  6  cps.  Below  6  cps,  the  error 
is  In  the  direction  of  undertesting  the  vehicle. 

Rocket-Sled  Tests.  The  basic  rocket-sled 
tent  facility  consists  o'  a  rocket  driven  sled  that 
"rides"  on  precision  rails.  This  arrangement 
is  shown  In  Fig.  6-15,  Sled  test-track  facilities 
up  to  7  inileB  luug  are  avallablC|  and  ars  capable 
of  attaining  speeds  up  to  Mach  4.  Prt^rammlng 
of  the  acceleration  prd tie  of  the  sled  Is  ac¬ 
complished  bv  ihe  use  of  luel-programmlng  for 
liouid  propellant  rockets,  shaped  charges  for 
solid  propellant  rockets,  and  aerodynamic  and 
water-braking  techniques.  The  sled  facilities 
are  equipped  wlUi  count-down  checkout  circuitry, 
telemetry,  on-board  test  equipment,  high  speed 
cameras,  and  high  speed  computing  and  record¬ 
ing  equipment. 

q  he  supersonic  sled  Is  tlie  most  practical  way 
to  produce  the  dynamic  loads  of  free  flight  tests 
and  still  allow  recovery  of  the  teat  Item.  A  re- 
i.riiductlon  of  tiie  vehicle  acceleration  and  ve¬ 
locity  profile  in  tills  manner  allows  a  study  of 
Uic  equipment  response  to  tlie  acceleration  pro¬ 
file,  Bcrody.’.amlc  studies  of  airframes  evsdua- 
tion  ol  aerodynamic  heating  effects,  and  evalua¬ 
tion  of  seal  ejection  apparatus.  The  advantages  of 
this  type  of  facility  are;  (1)  the  test  Item  Is 
recovered  inUcl  for  examination;  (2)  test  con¬ 
dition;  arc  repeatable;  and  (3)  It  Is  more  eco¬ 
nomical  than  a  flight  test  since  many  runs  may 
be  made  with  a  single  item.  One  of  the  dis¬ 
advantages  of  this  method  Is  the  severe  vibration 
nivironment.  generated  primarily  by  the  high 
velocity  slca  passing  over  discontlnultes  In  the 
rail.  Slipper  clearances  and  wear  on  contact 
surfaces  also  result  In  shock  and  vibration  in- 
pvits  lo  Uic  sled.  The  severity  of  tills  shock  and 
vii'ratlon  environment  may  be  greater  than  that 
wlilih  occurs  in  Llio  vehicle.  Trials  were  re- 
cfidly  performed  to  find  a  satlslartory  method 
of  controlling  tlie  vibration  environment.  The 
results  indicate  that  Uie  precision  rails  used 
are  as  true  end  as  smooth  as  can  be  practically 
attained,  and  that  tl;e  most  promising  approacli 
is  the  vibration  isolation  of  Uie  veiilcle  from  the 
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Fig.  6-lS.  rocket-sled  setup. 


rails  and  the  vlbratlco  Isolation  of  the  locUet 
motor  system.  Test  data  show  a  reduction  of 
about  one  order  of  magnitude  through  the  use  of 
an  isolation  system.  With  this  recent  develop¬ 
ment,  the  value  of  the  eled  test  has  been  ex- 
tended  to  Include  a  reasonable  simulation  of  the 
'vehicle  acceleratFon  prefUe  and  vibration  en¬ 
vironment. 

Other  disadvantagoe  of  rocket-sled  tests  are 
the  short  test  time  for  each  run  and  the  lack  of 
-  -  correlation. factors  to  ectoal  service  conditions. 
Information  concerning  the  use  of  available  sled 
lacUitles  Is  contained  in  reference/5/. 

Specialized  Field  Facilities.  The  captive  and 
sled  tests  are  fairly  general  and  may  be  used 
for  a  variety  of  applications.  There  are  also 
some  q>eclaillzed  faculties  designed  for  use  In 
conJuncUon  with  a  specific  vehicle.  One  such 
~  spe.'lalized  lievlce  la  a  200,000-pound  gimbaled 
simulator  designed  and  fabricated  for  use  wtUi 
the  Polaris  mlzsUe.  This  device  Is  capable  of 

—  duplicating  the  following  ship  motions: 

heave  i:6  feet 
roli  ale  degrees 
pitch  *14  degrees 

“  Thepurpose  of  the  simulator  la  to  tett  the  mfs- 
sUe  components  while  under  a  ship’s  motion, 

-  and  to  determine  the  conditions  under  which  a 
mlesile  with  moderate  take-off  accelerations 
can  be  launclied  safely  from  a  moving  platform. 

Another  special  Held  faculty  Is  the  "G-shoot- 
er/'  designed  and  fabricated  for  use  with  tJic 
X-7  ram  Jet  missile,  which  is  alr-launchcd  from 
a  larger  vehicle.  A  rocket  boost  is  provided  to 
bring  the  missUe  to  a  opaed  greater  than  Mach 
1,  which  is  required  for  ram  Jet  operation.  The, 
purpose  of  the  G-shooter  is  to  simulate  the 
shock  of  tiie  rocket  boost  and  thus  allow  evalua¬ 
tion  of  the  X-7’8  electronic  equipment  under  this 
environment.  The  farUity  produces  a  velocity 
of  23  feet  per  second  after  6  inches  of  bavel  by 
means  of  a  pressurized  piston.  The  brai^g  is 
accomplished  with  nylon  bands.  The  total  travel 
Involved  la  only  2  feet. 
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Fig.  6  -16.  Washboard  road. 


Ground  Vehicle  Proving  Grounds.  The  Ord¬ 
nance  Automotive  Testing  Center  at  Aberdeen 
Proving  Ground,  Maryland,  is  available  {or 
performing comijlete  ground-vehicle  field  tests. 
Specially  canctructedroadsconlainlng  sucli  haz¬ 
ards  as  embedded  rock,  staggered  bumps,  cor¬ 
rugations  and  vertical  walls  are  provided  for 
evaluation  of  a  complete  ground  vehicle  under  a 
sliockand  vibration  service  environment.  There 
is  also  a  "frame  twister"  road  that  imparts  se¬ 
vere  torsional  stresses  to  the  vehicle  structure. 
One  such  specially  constructed  road  of  Litereat 
is  the  b'x-inch  coarse  washboard.  This  road 
consists  of  6-lnch  waves  72  Indies  apart.  A 
diagram  of  the  road  is  shown  in  Fig.  6-16.  The 
frequency  of  Uie  vibration  imparted  to  a  vehicle 
may  tie  varied  by  varying  the  speed  of  the  vehi¬ 
cle.  For  example,  a  vehicle  travelling  at  5  mjA 
wUl  be  subjected  to  a  vibration  frequency  of 
1.22  cps. 

In  addition  tc  the  rough  roads,  there  are  cross¬ 
country  courses  embodying  hills,  mud  and  se¬ 
vere  terrain.  Fording  and  swimming  tests  are 
conducted  in  special  "bath  tubs." 

Extreme-environment  testa  are  conducted  at 
Yuma,  Arizona  (desert  environment)  and  Fort 
CliureluU,  Canada  (arctic  environment).  The 
de.seri  ruur.  j  at  Yuma  has  hill,  sand  dune,  and 
Siuid  and  dust  slope  vehicle  courses.  The  arc¬ 
tic  rour.se  provides  deep  snow  and  frozen  lakes 
for  the  operating  areas.  Temperatv.res  on  the 
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usually  conducted  during  winter  to  insure  that 
vehicles  are  checked  under  Uie  moat  severe 
condition."*  available. 


Lal>oratory  Methods 

Ir  tlie  ia'viratory,  environments  are  generally  - 
simuiat'T'd  in  chambers  or  on  excited  platforms. 
Typlc ai  tcclmiquc  s  .and faculties  lor  reproducing 
M'o  vi;ri('us  environments  ~are  covered  In  the  ' 
following  paragraphs.  These  techniques  and 
[a(  ilito.’s  are  covered  in  the  following  catego- 

rit's; 


1.  Component,  equipment  and  subsystem  test  ^ , 
fa(  ilitles  lor  single  environment  testing. 

2.  Component,  equipment  and  subsystem  test _ 

facilities  lor  combined  environment  testing. 

3.  Uyjier  :ai(i  space  environment  test  facill-  .  . 
ties. 


4.  Full-scale  environmental  test  facUlUes. 

5.  Environmental  test  faculties  lor  humans. 


Com^nent^^qulp^CTt  M^Su^bSYStem  Test  Fa- 


Low  Temperatut^,  Low  temperatures  are 
generally  produced  in  a  straightforward  manner. 

Where  the  required  temperatures  are  not  too  -f 
low,  the  test  duration  too  long,  or  the  test  spec¬ 
imen  too  large,  chambers  employing  dry  ice  as 
the  cooling  agent  may  be  used  (Fig.  6-17).  ' 

Otherwise,  chambers  cooled  by  refrigeration 
equipment  similar  to  that  used  for  air  condition-  '} 
in«  are  usually  employed  (Fig.  6-18). 


High  Temperature.  High  temperature  can  be 
produced  in  a  test  chamber  by  convective  or 
radiant  means.  Convective  ovens,  which  use 
electrical  resistance  elements  to  heat  the  air  in 
a  chamber,  are  tneapensl/e  and  easy  to  control. 
With  radiant-type  ovens,  the  walls  oi  the  cham¬ 
ber  are  heated. 


Temper^ure  Shock.  Most  often,  the  temper- 
ature  shock  environment  is  produced  by  moving 
the  equipment  from  a  hot  chamber  to  a  cold  one, 
and  vice  versa.  Temperalure  ahuck  Cuii  also  ue 
simulated  in  one  chamber  by  combining  refrig¬ 
eration  and  oven  devices,  or  by  releasing  com¬ 
pressed  gas  into  the  chamber.  Thermal  shockfor 
Uquld-handUng  equipment  (pumps,  etc.)  can  be 
accompUshed  by  transfer  to  pump  at  drastically 
different  temperatures  than  those  In  use. 
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Fig.  6-17.  High-  and  low-temperature  test 
chamber  employing  dry  ice  cooling  and 
convective  heating. 


Humidity  Is  generally  prodiired 
wiiiiln  ii  chamber  by;  (1)  steam  Injection,  (2) 
vapor  Injection,  or  (3)  vapor  absorption.  For 
stoarn  Injection,  a  boiler  with  an  electric  heat¬ 
ing  clement  is  used  to  build  up  eteam.  When 
more  humidity  Is  required,  a  solenoid  valve 
opens  and  permits  steam  to  entar  the  chamber 
and  mb:  with  the  circulating  air.  Vapor  Injec¬ 
tion  Is  accomplished  by  forcing  water  under 
pressure  through  a  fine  mlst-produclng  nozzle. 
Tile  resulting  mist  la  so  fine  that  It  becomes  a 
vajwr  upon  mixing  with  the  air  of  the  chamber. 

The  vapor  absorption  method  depends  upon  a 
dynamic  balance  of  absorption  and  conaensatlon. 
Water  at  10  to  15  degrees  F  above  the  ambient 
temporaturf  of  the  chamlier  Is  allowed  to  flow 
Uiroug.  a  tray  Inside  the  chamber.  The  circu¬ 
lating  air  absorbs  the  water  vapor  as  It  passes 
over  the  tray.  Next,  the  air  passes  over  a  con¬ 
densing  coll  which  removes  as  much  water  vapor 
from  the  air  as  Is  required  to  maintain  the  de¬ 
sired  humidity.  It  Is* usual  to  have  two  sets  of 
colls  within  tiie  chamber;  one,  which  operates 
at  a  low  temperature,  lowers  the  temperature 
ul  Llie  air;  and  the  second,  which  has  a  large 
surface  area  and  operates  at  a  warm  temper¬ 
ature,  removes  water  vapor  from  the  air. 

Altitude  (Air  rreasurcl.  The  producing  of  a 
simulated  altitude  is  merely  an  alr-pumplng 
procedure;  either  rotary  or  piston  type  pumps 
may  be  used.  Cliambero  utilizing  this  type  of 
equ'pment  are  capable  of  simulating  altitudes 
from  sea  level  to  five  hundred  thousand  feet. 
At  present,  largs-slze  chambers  are  limited  to 
this  range  since  lower  pressures  require  lab¬ 
oratory-type  equipment.  Because  of  the  char¬ 
acteristics  of  w;;ter  vapor,  It  Is  not  feasible  to 
maintain  control  ol  Ix^h  altitude  and  humidity  In 
anything  but  a  small  laboratory  controlled  ex¬ 
periment.  Cyrogenlc  techniques,  oll-dlffuslon 
pumps  and  gelLjr  pumpa  are  also  used  to  obtain 
low  pressures  for  altitude  simulation. 


The  pressure  within  a  given  area  can  be  re¬ 
do  red  from  760  Torr  (rnillimeterB  of  mercury) 
to  approximately  1  x  10-iz  Torr  by  the  employ¬ 
ment,  In  succession,  of  several  devices.  These 
devices  and  their  ranges  are  listed  below.  A 
brief  description  of  each  Is  also  Included. 


Device 


Effective 


pressure  range 


or  teciinique  From  To 

Mechanical 

(displacement)  - 


pump 

760 

Oil  (lilfuslon 

pump 

1  X 

Oil  diifuslon 

pump  witii 

cold  trap 

1  X 

''Gcller" 
teclmiquo  or 
C I  yopuniplng 
My  PU'in 


Torr  i  X  10  Torr 

10“^  1  X  10'®  Torr 

10*®  Torr  1  X  10"®  Torr 

-8 

lielow  1  X  10  Torr 


Fig.  6-18.  lllgtir  and  low-temperature  test 
chamber  employing  refrigeration  cooling  and 
convective  heating. 


Mechanical  Pump.  The  most  common  method 
_  c(  producing  a  moderate  vacuum  Is  by  a  mecha- 
~  nlcal  production  of  a  variable  volume.  When 
the  volume  is  smallest.  It  Is  sealed  off  and  ex- 
-  panded,  reducing  the  pressure  within.  This  vol¬ 
ume  at  reduced  pressure  Is  then  opened  to  the 
area  to  be  exhausted,  and  upon  equalization  of 
pressure  Is  again  sealed  off.  It  is  then  simul¬ 
taneously  rediced  In  size  and  opened  to  the  at¬ 
mosphere.  Alter  the  gaa  has  been  expelled  to 
the  atmosphere,  the  cycle  Is  repeated. 

Oil  Diffusion  Pump-  Hot  oU  vapor  rises 
ihruugu  a  ceiiirax  iiiuo,  strikss  ou  umbrclls,- 
shaped  baffle,  and  Is  channeled  by  the  configura¬ 
tion  of  the  baffle  back  into  Uie  oil  reservoir. 
Water  cooled  colls  encircle  the  upper  part  of 
the  pump  on  the  outside,  cooling  the  vapor  that 
comes  in  contact  with  the  upp^r  part  ct  the 
pump.  A  down-draft  of  cooler  oil  vapor  and 
droj^ots  is  created  around  the  central  tube, 
traps  air  or  other  gu  molecules  from  the  area 
being  evacuated,  and  carries  them  down  to  be 
exiiBusted  through  a  line  near  the  pump  base. 
This  line  is  usually  connected  to  a  mechanical 
pump  that  serves  as  a  fore  pump  In  the  system. 

Oil  Diffusion  Pump  With  Cold  Trap.  A  dlf- 
iiin  Ion  pump  operating  al  lower  pressure  ranges- 
has  a  certain  amount  ol  "back  diffusion"  of  var¬ 
ious  vapors.  To  improve  the  ultimate  vacuum, 
a  cold  trap,  usually  cooled  by  liquid  nitrogen, 
is  placed  between  the  diffusion  pump  and  the 
area  being  evacuated  (Fig.  6-19).  Volatile  va¬ 
pors  conaenso  on  the  surface  of  tlie  trap,  and 
thus  do  not  diffuse  back  Into  the  area.  Also, 


Diffusion  Pump 


Fig.  G-19.  Oil  dllfuiiion  pump  with  cold  trap. 


molecules  ol  gases  with  "freezing  points"  above 
that  of  nit.-ogen  will  condense  on  the  coldplat^ 
further  reducing  the  pressure. 

Getter  "TechniQue".  This  technique  involves 
the  employpient  c2  chemically  active  metals, 
such  as  barium,  aluminum,  calciumjOr  mag¬ 
nesium,  to  remove  residual  gases.  T^e  getter . 
is  electrically  volatilized  and  combines  with  the 
gases,  wlii  j  deposite  as  chemical  compounds  on 
the  walls  of  the  vessel.  This  technique  is  em¬ 
ployed  principally  for  vacuum  systems  that  are 
to  remain  sealed  for  extended  periods  of  time, 
such  as  electron  tubes,  cathode  ray  tubes,  etc.  ' 

Cryopurnpmg  System.  An  arrangement  or 
a»Tay  i.;  told  traps  or  cold  surfaces  cooled  by  • 
cryogenic  fluids  and  employed  to  condense  mol¬ 
ecules  of  higher-freezing-point  gas  is  deslg- 
iiated  a  cryopump.  In  a  cryopumping  system  of 
greatest  immediate  use,  liquid  hydrogen  Is  cir¬ 
culated  through  coils  that  are  welded  to  the  batk 
oi  the  cold  plates.  The  hydrogen  condenses  gas  ’ 
molecules,  and  also  removes  radiant  energy  tnat 
may  have  reached  the  plates.  Liquid-nitrogen 
cooled  shields  are  commoiJy  placed  In  front  o< 
Lite  plates  to  reduce  the  amount  of  radiant  energy 
tliat  reaches  them. 

Shock.  Mechanical  shock  is  normally  slmu- 
latcd  by  a  free-fall -type  shock  testing  machine 
consisting  essentially  ci  a  guided  drop  carriage 
Uiat  impacts  against  a  base  In  a  controlled  decel¬ 
eration  manner  (Fig.  6-20).  The  deceleration 
shock  is  controlled  by  the  Impact  of  a  calibrated 
plate  spring  against  an  anvil,  by  rubber  pads, 
or  by  lead  pellets.  One  type  of  shock  machine ~ 


applies  hammer  blows.  Another  machine  uses 
hydraulic  pressure  or  high  pressure  gas  to  ap¬ 
ply  a  rapid  acceleration  shock  rather  than  the 
conventional  decaleratlon  shock  at  the  mechan¬ 
ical  imnact  machines.  The  machines  can  be 
mountea  within  a  chamber  to  prockice  one  of 
several  shocks,  as  required,  while  other  on- 
ylronmenta  are  being  simulate 


Vibration,  Vibration  can  be  simulated  by  ths 
use  of  rotsiting  eccentric  wel^ts,  or  a  crank- 
type  mechanism  which  translatea  rotsu'y  me- 
cnanlcal  or  hydraulic  motion  into  approximate 
sinusoidal  vibration.  Mechsinlcal  or  hydraulic 
shakers,  however,  ore  useful  only  up  to  about 
SCO  cps. 

The  most  popular  method  of  procuclr^  *ln- 
usoidal  vibration  utUlaes  an  olectrodynatnlc 
ehairer  fFia.  6-21)  Which  Operates  on  the  same 
principle  as  the  radio  speaker.  This  type  of 
equipment  has  a  useful  riinge  of  about  5  to  2000 
cps.  The  su'mature,  or  moving  element.  Is  ex¬ 
cited  by  an  a-c  slgw  while  in  a  high  d-c  field. 
The  a-c  signal  can  be  produced  by  a  variable 
speed  motor- generator  set  or  tbrouch  the  use 
of  an  electronic  signal  generator  and  amplifier. 
The  amplifier  pi'OvideB  the  flexibility  at  being 
able  to  DuUd  iq>  any  wave  sl^e  ^  various  fre¬ 
quencies.  However,  sinusuitau  vibrailw  lesUug 
may  not  provide  good  correlation,  since  many 
actual  vibration  environments  are  aperiodic  or 


Fig.  6  -20.  Drop  marhlne  for  shock  simulation. 


(H::»sl-random  In  nat’-ire.  As-a  result  there  Is 
ni'K’li  controversy  and  some  leaning  towai'de 
shaped  spectrum  random -vibration  teetlng,  al- 
adeejuate  evidence  is  not  availaUe  to 
support  its  superiority.  A  program  initiated 
by  the  tnvlronmental  Division,  Engineering 
1  est  Directorate,  Deputy  forTest  and  Support. 
.Aeronautical  Systems  Dlvleion  has  not  h^pea 
clear  up  the  controve.sy.  It  has  oeen  showb 
that  there  'j  no  apparent  correlation  between 
sine  wave  and  random  vibration  testing. 

Complej:  equipment  la  required  to  produce 
random  vibration  in  order  to  compensate  lor 
Uie  various  responses  of  the  holding  fixture  and 
to  assure  a  proper  L'lput  to  the  test  specimens 
(Fig,  6-22).  To  operate  Inside  a  temperature 
and  altitude  chaiiilvir,  the  standard  shaker  must 
be  model  ied, 

A  block  diagram  of  a  typical  olectrodynaimlc 
sinusoidal  system  is  shown  in  Fig.  6-23,  and  a 
block  diagram  of  a  random  facility  Is  shown  In 
Fig.  6-24. 


4.  A  monitoring  device  to  reco.d  sound  levels 
and  frequencies  continuously.  Microphones  and 
electrical  recording  devices  are  normally  used 
for  this  purpose.- 

The  selection  of  the  specific  components  will 
depend  upon  the  retirements  of  tne  acoustic 
specification  In  use.  Many  commercial  acoustic 
facilities  are  designed  for  rapid  Intercliange  of 
Input  signals  and  some  proylue  for  interchange 
cf  chatsibers.  (Figitre  0-25)  Is  a  block  diagram 
of  an  acoustic  facility  employing  a  reverberant 
chamber.  The  ^uallxer  and  power  amplifier 
shown  In  the  flmre  are  not  required  If  the  noise 

generator  is  aobquate.  Figure  6-26  is  a  block 
lagrant  of  an  acoustic  facility  employing  a 
progressive  wave  tube. 

Rain.  Rain  Is  generally  simulated  >n  test 
chambers  by  water  flowing  through  controllable 
spray  nozzles.  A  tyj>,;:al  rain  chamtwr  designed 
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Gases  and  Ozone.  Botiled  gas  can  be  used  to 
Introduce  various  combinations  and  amounts  of 
gases  into  a  chamber  when  the  gases  are  stable. 
Unstable  gases  must  be  produced  within  the 
chamber.  Ozone,  for  example,  can  be  produced 
tiirou*^h  clGctrioal  discharges. 


Acoustic  Noise.  At  present,  there  are  various 
technii^ec  employed  for  generating  realistic 
acoustic  soundpressure.  In  general,  an  acoustic 
facility  should  consist  of  the  following: 

1,  A  noise  source,  which  can  be  an  engine, 
plasma  jet,  siren,  etc.,  for  random  frequencies, 
or  one  or  more  horns,  a  tuned  sound  chamber, 
etc.,  fordiricr  .e frequencies.  These  sounds 
can  be  produced  electrically  or  electronically 
by  suitable  signal  generators  or  amplifiers. 

?.  Atest  panel,  or  area,  on  which  Uie  articles 
to  bo  tested  are  mounted. 

3.  A  sound  chamber  or  chambers  in  which 
Die  test  panel  is  placed.  The  chamber  may  be 
oi  Uio  plane  (progressive)  wave  or  reverberant 
type. 


Fig,  6-22.  Random-motion  vibration  system 
wlUi  Courier  satellite  interframe  mounted  on 
special  fixture.  (Courtesy  of  Phllco  Western 
Development  Laboratories  and  U.S.  Army 
Signal  Research  and  Development  Laboratory, 
Fort  Monmouth,  New  Jersey). 
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r  ig.  C-21.  Eloctrodynamlc  shaker  for 
vibratiun  testing. 


Fig.  8-23.  Typical  electrodynamlc  sinusoidal 
system. 
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Fig.  6-24.  Typical  random  vibration-facility. 
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Fig.  6-25,  Typical  reverberant  chamber  acouatic  facility 


in  accordance  with  the  specifications  of  MtL-C^- 
8811  (ASO)^  Charnbcr,  RaUi-Testlng,  is  de¬ 
scribed  below; 

The  chamber  is  a  sell-caUalnecI  unit,  with  an 
insulated,  well-lighted  Internal  test  space.  It 
has  a  large  observation  window  (one  third  the 
area  of  Llie  wall  on  which  It  Is  located)  equipped 
wiUi  a  wiper  to  keep  the  glass  clear  for  ob- 
sen-ation  purposes.  Provision  is  made  for  con¬ 
trolling  the  water  temperature  and  rate  of  flow. 

The  rhamber  is  equipped  with  water  spray 
nozzles  and  provides  simulated  rainfall  capable 
<j(  variation  from  one  to  four  inches  per  hour. 

T  lie  r  .lint all  is  dispersed  unllorinly  over  the  test 
area,  and  is  in  tiie  form  of  droplets  having  a 


minimum  diameter  of  1.5  mlUimeters,  A  var¬ 
iable-speed  blower  and  refrigeration  equipment 
are  provided  for  simulating  wind-driven  rain 
and  for  cooling  the  test  space,  respectively. 

Sand  and  Dust.  The  sand  and  dust  environment 
Is  simulated  by  circulating  dust  throughout  a 
test  chamber  at  a  ^ecifled  velocity  and  concen¬ 
tration.  A  typical  sand  and  dust  chamber  de¬ 
sired  In  accordance  with  the  specifications  of 
MIL-C-9436A(ASG),  Chamber,  Sand  and  Dust 
Testing,  is  described  below. 

The  chamber  (Fig,  6-27)  Is  a  self-contained 
unit  consisting  primarily  of  a  dust-tight  cham- 
ter.  a  dust  supply,  a  blower  and  necessary 
ducting  for  producing  the  desired  cotxlttlons,  A 
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FiK.  6-2b.  Typical  progressive  wave  acoustic 
facility. 


vibrator  (Fig.  6-28)  is  Installed  on  the  dust  hop¬ 
pers  to  assure  proper  dust  flow.  The  chamber 
is  maintained  at  160  F  (71  C),  and  a  desiccant 
is  used  for  con^rolllnE  relative  humidity. 


A  wiper  is  mounted  on  the  glass  door-panel  to 
iit  jp  Uic  glass  clear  for  visual  Inspection  of  the 
test  specin'en.  Automatic  cycling  of  chamber 
operation  is  provided  to  accomplish  the  exposure 
and  siiuldown  required  for  the  sand  and  dust 
tests  of  MlL-E-5272. 


Fx))l'wive_  At-nosphoro^  Explosive  atmos- 
plii-ies  arc  p.-otIuce<I  m  explosion  chambers 
(I  ig.  G-29  and  0-30)  by  simulating  the  varlcnis 
liaraiiK’lcTS  involved  in  an  explosive  atmosphere. 
The  more  important  of  Uiesc  parameters  are: 

1 .  Air/fucl  ratios. 

2.  Tcmpcrnturc. 

3.  Altitude, 

4.  Air  flow. 

5.  Humidity. 


Fig.  6-28.  Dust  supply,  blower  and  (hicting  for 
sand  and  dust  cfaamcar. 


Fig.  6-29.  Explosion  chamber. 


Several  types  of  explosion  chambe.rs  are  now 
commercially  available,  T!.oy  range  in  size 
from  several  cubic  .’eet  to  approximately  300 
cubic  feet.  A  35-cublc  foot  (3  feet  in  diameter 
by  5  feet  long)  and  a  300-cuhic  foot  (7  feet  in 
diameter  by  U  feet  long)  reach-ln  chamber  with 
an  altitude  range  from  ground  level  to  500,000 
feet  and  100,000  fee*^,  respectively,  are  pres- 
enUy  Inuse  at  the  Eml-onmental  Division,  ASD. 
The  temperature  range  of  the  smaller  facility 
g^oes  from  normal  rfjom  temperature  to  160  F 
and  the  larger  to  350  F.  The  smaller  facility 
operates  with  avlatton  jas  and  jet  fuel  and  the 
larger  with  Jet  fuel,  commercial  butane  aviation 
gasoline,  and  chemlc:  ’  fuels.  The  temperature 
range  of  most  exploi,.ve  atmosphere  ciiambers 
can  be  Increased  to  200  F  (93  C)  with  the  ad¬ 
dition  of  heaters,  future  requiremoits  may 
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make  "walk-ln"  chamberB  commercially  avall- 
al)le.  Such  chambcra  may  be  dealgned  for  tem¬ 
peratures  up  to  450  F  (232  C)  and  altitudes  up 
to  80,000  feet,  and  t^e  adaplatde  for  new,  hlgh- 
onerf^  fuels. 

specifications  for  the  design  and  cons- 
tu  'tlon  of  explosion  chambers  are  contained  In 


Fig.  Electronic  equipment  mounted  in 

charntwr  for  explosive-atmosphere  test. 


MIL-C-9435A(ASG),  Chamber,  Explosion-Proof 
Testing;  and  Mn,-E-26654,  Explosion-Proof 
Test  facility.  Requirement  and  Procedure  tor 
Reconnaissance  Equipment. 

Nuclear  Environment.  The  nuclear  radiation 
environment  Is  simulated  by  a  nuclear  reactor 
and  associated  chambers,  or  "hot  cells,”  in 
which  the  test  specimens  being  irradiated  are 
located  (Fig.  8-31).  One  of  the  most  modern  of 
this  type  facility,  the  Air  Force  Nuclear  Ennl- 
neerjps  Test  Facility,  is  currentlv  under  con¬ 
struction  at  Aeronautical  Systems  Division.  Any 
modem  nuclear  engineering  facility  would  In¬ 
clude:  (1)  a  10-merawatt  ORR-type  reactor 
with  two  adjacent  330  cubic  foot  Irradiation 
cells:  (2)  a  multiple  hot  cell  comp.Ves;  (3)  a 
remotely-operated  Irradtatsd  materials  hand- 
llng  system;  14)  a  waste  proceHsing  p'T/nt;  and 
(5)  a  laboratory  building.  In  addition,  an  environ¬ 
mental  conditioning  system  should  be  provided 
that  should  make  it  possible  to  control  the  tem¬ 
perature.  humidity  and  altitude  conditions  dur- 
In'^  specimen  Irradiation. 

Gamma  facilities  are  also  used  to  simulate 
the  nuclear  radiation  environment.  In  these 
facilities,  the_3peclmen  under  test  Is  placed  In 
a  chamber,  or  cell,  with  a  radioactive  source  of 
gamma  radiation.  The  gamma  source  can  be 
fission  products,  spent  fuel  elements  from  nu- 
uiuai*  reac^ojrs,  ojf  a  i'iaiuwaci-ive  element,  usually 
Cobalt-60.  ’  ’ 

Some  of  the  nuclear  reactor  test  facilities 
presently  In  operation  aro  listed  in  Table  6-3, 
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rrid  some  ranima  Irradiation  facilities  In  Table 
(j-'J.  Detailed  information  on  all  such  nuclear 
teal  facilities  Is  contained  In  refcrence/6/. 


Salt  Spray.  Salt  spray  In  simulated  (n  a  cham¬ 
ber  iiy  exposing  the  test  Bpeclmen  to  a  fine, 
tiiorougiily  dispersed  mist.  The  mist  Is  derived 
from  a  i-.'ll  solution  whose  concentration,  pH 


value  and  specific  gravity  nre  controlled  for 
proper  test  conditions, 

Funmts.  The  fungus  environment  is  produced 
In  test  chambers  In  which  the  temperature  and 
humidity  are  carefully  controlled  to  simulate  the 
climate  found  In  tropical  areas.  Species  of  fungi 
are  introduced  into  the  chamber  with  the  test 
specimen  and  thrive  in  the  simulated  climate. 


Table  6-3.  Some  Nuclear  Reactor  In-adlatloe  FiUilUHee  /t/ 


Table  6-4,  Some  Gamma  Irradiation  FaclUUes  /C/ 


— 

Power  love’ 
(megawatts) 

Neutron  flux  | 

Reactor 

Location 

Fast 

Tbermal 

Comments 

Ar^onne  Research 
Reactor  CP-S 

Argonne  National 
L^aboratory 

2 

lOl*  m/om*/ 
sec  (max) 

2  X  10^^  mr 
(max) 

Available  to 
outside  or- 
ganixatl.vne. 

Ratlclle  Research 
Reactor 

Battelle  Memorial 
Institute 

2 

m/cna*/ 
sec  (a\x) 

10^*  Dv  (avg) 

Avalubl,.-  to 
any  organi¬ 
zation  spon- 
BOTlng  re¬ 
search  at 
Dattelle 
Memorial 
Institute. 

inglnecrlng  Test 
Reactor 

Katlonal  Reactor 
Testing  Station 

J75 

1.6  X 

m/cm*/seo 

4  X  10^*  iiv 

General  Klcctric 

1  esl  Reactor 

VallocltoB  Atomic 
Lalioratory , 
Pleasanton,  Calif, 

30 

see  (max) 

2.4  X  10^'*  nv 
(max) 

Available  for 
customer 

Materials  Testing 
Reactor 

National  Reactor 
Testing  Station 

40 

2.6  X  10^^ 
m/cm2/eec 

6  X  J.O^^  nv 
(Jtt«) 

Available  to 
outuldo 

organizations, 

. 

Facility 

Ixjcatlon 

Max  Inttsusity 
(erg8/gm(C)/hr) 

Source 

Bpeclmen 

enrlronment 

Ai^onne  lUgh  I/Cvrl 

Argonne  National 

1.7  X  10* 

MTR  fuel 

Water 

Gamma  In n.'Jintion 

Lal>oraiory 

elements 

Facility 

- 

Ustlellc  Gumma 

Battelle  Memorial 

1.3  X  lb® 

-Cob  alt-60 

Water 

Irradiation 

Institute 

Facility 

Ilrookhaven  Gamma 

Rrookhaven  National 

8.7  X  lo"^ 

Cob  alt -60 

Water  or  air 

1 1  radiation 

Laboratories 

Facility 

Southwest  Research 

Southwest  Research 

2,6  X  10® 

-<R)balt-60 

Air 

hiHtltute  Gamma 

Institute 

i'aclllty 

WADI)  Ganirtia 

W  right- I^atterson 

Small  8ource-3.5  X 10*^ 

Cobalt-60 

Air 

t  acIliUeu 

.•dr  Force  Base 

_ 

barge  source-O.Bxlo'^ 

Cobalt-60 

Air 

4^' 

4l^-  > 
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Fig.  6-32.  CetilrUuge  set  up  to  accelerate  - 
bomb  specimens. 


Acceleration,  In  the  lalx)ratory,  acceleration 

i.q  simulated  by  ccnlriluces  (Fig.  6-32)  or  by 
linear  accelerators,  calledair  guns.  Centrifuges 
arccithcrhydraulicallycr  electrically  poTrered. 
I'he  instrumentation  is  usually  electrically  con¬ 
nected  to  the  test  specimen  by  means  of  slip 
rings.  For  b'ltb  centrifuges  and  air  guns  the  ai!- 
celeralioii  ar  c!  deceleration  profiles  can  be  In- 
slrumentc-d  to  some  extent. 

Component.  Equipment  and  Sibsystem  Test 
laciliti^s  Combined  Fnvironmenls 

The  ideal  laboratory  simulation  of  combined 
cnvironracnt.s  %ouid  reproduce  simultaneously 
the  exact  combination  of  environments  that  the 
equipment  would  be  subjected  to  In  service, 
Kquipimmt  capable  ol  doing  tills  Is  known  as  a 
"mission  pruiiie"  facility.  At  the  present  time, 
however,  such  a  facility  is  not  available.  As  a 
su'istitute  for  Uie  mission  profile  facility,  var¬ 
ious  practical  environment  combinations  are 
used.  Tt.csc  combined  environment  facilities 
include; 

Tum(!cr:ilurc-altiludc  cliambcrs 

T emi-H'rature-humidity  cliambers 

Ternperatu.  e-altitude-humldlty  chamliers 

Tempo raturc-vlbratlon  chambers 

Accclcration-viljratlon  test  sta^ids  (Fig.  6-33) 

hi  ad'liUon,  a  combined  environment  facility 
lh:it  (nil  simulate  iiigh  and  low  temperatures, 
nliltiKlc,  nr.d  vitiratlon  has  been  buUt  by  Uie 
UniU'd  Slates  Testing  Company  to  conduct  a 
study  to  deter  mine  ttio  confidence  level  of  com- 
i  ined  vf’rsus  single  environmental  testing.  This 
sMidy  was  conducted  for  tbe  Envlronmenlal 
Hi  ;iM(  li,  iuii'.ineerlng  Test  Division,  Flight  and 
I  ngineerlng  Test  Group,  .ASD.  A  photograph  of 
lids  fix  ility  is  shown  in  Fig.  6-34,  The  schc- 
matii  layout  of  the  fai  llily  is  illustrated  In  Fig. 
(i-3')  and  the  'egi'iid  for  the  schematic  layout  Is 
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listed  In  Table  6-5.  This  facility  la  slvov/n  be¬ 
cause  it  represents  what  can  be  done  through 
modification  of  existing  facilities. 

Another  combined  facility  la  the  Wyle  Com¬ 
bined  Environmental  Centrifuge  (Fig.  6-36) 
built  by  Wyle  Laboratories.  It  consists  es¬ 
sentially  of  two  16-lnch-wlde  flange  I-beams 
mounted  on  a  hollow  shaft  throu^  tapered  roller 
bearings.  Means  are  provided  for  Installation 
of  a  vibration  shaker,  ulp  rings,  swivels,  tanks 
and  plumbing.  The  arm  can  be  removed  from 
the  hub  assembly  to  permit  preservation  of  a 
test  setup  or  installation  of  a  setup  on  an  al¬ 
ternate  arm  while  another  test  Is  In  progress. 
Simultaneously,  this  facility  can  prcS-?e  the 
following  envlroumeiAs: 


1.  Vibration  to  4000  pounds  and  2000  cpe. 

2.  Acceleration  to  20  g. 

3.  Altitude  to  250,000  feet. 

4.  Temperature  range  from  «300  to  500  F  u 
(-175  10  260  C). 

5.  Humidtty  from  50  to  95  percent. 

6.  Llould  oxygen  flow  to  8000  gallons  per 
minute;  "gaseous  flow  to  40  pounds  per  second; 
fuel  flow  to  1600  gallons  per  minute;  hydrpnlic 
flow  to  150  gallons  per  minute;  or  helium  flow 
to  2  pounds  per  second  and  3000  pel. 


Fig.  6-33.  Acceleration-vibration  teat  stand  “ 

(dectro-magnotlc  vibrator  mounted  on 

centrifuge).  1 
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Fig.  €-34.  Combined  ten9)ersiture, 'altitude  and  ribratlon  test  facility. 


there  Is  still  much  to  be  done.  Some  success 
has  been  achieved  In  developing  facilities  ca¬ 
pable  of  providing  altitudes  of  10-^  to  10~u 
millimeters  of  Hg,  based  on  the  1959  Model  At- 
moq?here/7/.  In  addition,  some  facilities  that 
will  produce  the  temperature  ranges  encountered 
^  ^nce  are  becoming  available  (F^.  6-37). 
neyond  this,  however,  very  few  facilities  have 
been  develc^d  for  simulating  other  hyper  and 
space  environments. 
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Tic.  6-35.  Layout  of  cotnbln'xl  temperature, 
altitude!  and  vibration  teet  facility  (for  legend 
soc  T.iljlc  G-5. 


One  program,  carried  out  by  the  Noralr  Di¬ 
vision  of  the  Northrop  Corporatirm  for  the  En¬ 
vironmental  Brandi,  Englneerlr<g  Test  Division, 
Flight  and  En^eerlng  Test  Group,  Wright  Air 
Development  Division  (now  Aeronautlcsi  Sys¬ 
tems  Division),  has  d^cloped  specifications 
for  hyper  and  space  tost  facilities.  The  proposed 
facilities  are  shown  In  Figs.  6-38  through  6-42. 
Tlieir  capabilities  are  listed  in  Tables  6-6 
througn  6-9.  Additional  Information  on  hyper 
and  space  environment  facUiUes  can  be  found 
in  the  last  three  documents  in  the  Test  Facilities 
section  of  Table  4-1. 


1  i yp^r  atid  Sparc  Environtnait  Facilities 


In  tlic  area  of  hyjMjr  and  space  environment 
.'liimiiation  some  work  has  been  carried  out,  but 


A  hyper  environment  test  facility  Uiat  will  be 
usedfor  both  funcUotuU  and  environmental  test¬ 
ing  of  Butoystems  Is  presently  In  tlie  design 
pliase  and  will  be  built  at  Aeronautical  Systems 


Taljle  0-5.  Logend  for  Fig.  6-35 
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Description 


OotUno  of  eoalod  obiunbar.  Inner 
di;>ici.i>ions  nro  24  Inchea  x  24 
Inches  x  18  Inches  high.  losulxtlon 
consists  oi  maraolto  sheets,  ttiro 
Inches  thick. 

Inner  vlb.'kllon  table.  Conalsia  of 
aluminum  plate  B. 5  Inches  in  diam¬ 
eter  and  0.5  thick.  Vlbrallonis 
transmitted  from  head  of  vihration 
machine  by  three  0 .5  -loch  steel  rods 
located  on  8-lnchdlamoterdlsc,120 
degrees  apart.  Seal  la  provided  by 
0.5-lncb  Teflon  bellows. 

Strip  heaters.  Provide  maxinaum 
of  1500  watts. 

Air  condenser.  23.7  square  fotd 
surface. 

Air  circulation  fan  (located  at 
either  of  two  positions).  lOOcublo 
feet  r>cr  minute. 

Radiation  baffle. 

Drive  for  mechanical  operation  of 
test  Iteni.  Seal  Is  provided  by 
0.5-Inch  Teflon  bellows. 

Ternlnal  strips. 

Steam  generator,  3  kilowatt.  Out¬ 
put  Is  controlled  thermostatically 
through  solenoid  valve. 

Vacuum  pump. 

Mercury  manometer. 

Amphenol  connectors. 

Thermostats  (temperature  and 
humidity). 

Cooling  by  CO2  directly  or  In¬ 
directly  through  nlr  condenser. 

Switches  (main,  rotary  heating 
selector,  steam  generator,  and 
fan). 


Division,  Wrlght-Pattcr.son  Air  Force  Base. 
This  facility  will  be  tailed  Uie  Dynamic  Anal¬ 
yzer.  It  combines  Iwth  the  operational  environ¬ 
ments. and  functional  evaluation  parameters  Into 
one  facility.  Il  has  as  Its  pylmary  purpose  the  „ 
evaluation  of  reconnaissance  equipment,  but  It 
also  has  capability  for  testing  under  combined 
eiivironmeiits  any  type  of  system,  subsystem,  or  — 
cquiiimetii  that  ran  l>c  accomodated  In  the  cap- 
culc.  Ttiis  facility  tvill  be  ccinpletcd  early  In 

llic  Dynamic  Analyzer  is  shown  In  Fig,  — 
C-4.3.  Its  ca()abllltie8  arc  I'sted  In  Table  8-10. 


FIr.  8-S6.  Wyle  Combined  EnvironmerifU 
Cenlrlfuge.  (Courtesy  of  Wyle  Laboratories) 


rig..  C-37.  Dual-chamber  orbital  temperature- 
altitude  simulator  with  Courier  satellite  Inter- 
frame  mounted  on  chamber  door.  (Courtesy  of 
Phllco  Western  Development  Laboratories  and 
U.S.  Army  Signal  Research  and  Development 
Laboratories,  Fort  Monmouth,  New  Jersey) 


At  present,  the  rero-gravlty  environment  can¬ 
not  be  simulated  for  sustained  periods  by  a  fixed 
installation.  Many  systems  have  been  proposed 
and  several  schemes  have  been  used  to  provide 
accelerations,  short  periods  of  *ero-g  (weight¬ 
lessness),  or  combinations  of  these.  Some  of 
these  proposed  methods  are  (1)  a  controlled 
free-f^  elevator;  (2)  a  shaft  cut  along  a  radius 
of  the  Earth;  (3)  a  parabolic  track  on  the  Earth's 
surface;  and  (4)  a  circular-path  zero-gravity 
device.  None  of  these  methods  has  l)een  per¬ 
fected,  and  at  present,  actual  aircraft  flight  is 
the  only  means  available  to  combine  acceleration 
with  the  zero-gravity  conditions.  The  primary 
drawbacks  in  aircraft  flight  programs  are  the 
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4.  Cryos'ot 
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Fig.  G~36.  Space  research  facility. 


inathlity  to  obtain  realistic  acceleration  and 
clr  i deration  forces  over  the  proper  time  pe- 
ri'ids,  and  an  inability  to  provide  a  true  weight¬ 
less  state  during  th<  full  Mraboltc  flight.  Ad- 
di'i'Mial  problems  in  olved  when  using  aircraft 
arc  maintenance,  tlie  use  d  sprjclal  fnstJMinent- 
ali'Mi,  and  Lie  ratiier  high  cost  per  test, 

Sysiunis  or  I-'ull-Scalc  Environmental  Test  Fa- 

fiTiU- - 

A  systems  or  full-scale  environmental  test 
far  ility  is  nrn'  in  which  an  entire  w  eapon  system 


or  flight  vehicle  Is  exposed  to  eltlier  the  exact 
environmfciiiltwiU  experience  during  operation, 
or  an  mucli  of  the  operational  environment  as  it 
Is  technically  feasible  to  simulate.  It  has  been 
hypothesized  that  such  a  facility  would  make 
possible  a  much  more  reliable  prediction  of  en¬ 
vironmental  efiects  on  a  system  than  Is  now 
possible  with  the  slngjle  and  simple  combined 
lacUlties  used  to  test  materials,  components  and 
eubeystems.  In  the-  case  o(  low  temperature 
to  -65  F  and  hifdi  temperature  to  160  F,  the  Cli¬ 
matic  Hangar  (Fig.  6-44)  at  Eglin  Field,  Florida, 
which  can  test  complete  systems,  has  been  very 
useful  In  uncovering  system  Integration  prob¬ 
lems  under  low  and  hl^  temperature  conditions. 
The  correlation  problemfor  these  orvlronments, 
however,  is  simple  when  compared  to  dynamic 
or  space  flight  oivlronments  since  they  ocly 
depend  on  temperature  stabilization.  Whether 
or  not  a  full-scale  facility  lor  simulaung  tdi 
operational  environments  would  enable  more 
reliable  prediction  of  environmental  effects 
remains  to  be  seen.  Because  of  the  tech¬ 
nical  difficulties  and  large  desl^  and  con¬ 
struction  costs  Involved,  an  actual  full-scale  en¬ 
vironmental  test  facility  that  would  simulate  the 
operational  environment  has  not  been  built  to 
date.  Other  problem  are  also  involved  part¬ 
icularly  that  of  correlating  the  external  vwlcle 
environment  to  that  which  would  acttially  be  en¬ 
countered  during  the  vehicle  mission.  This 
deficiency  makes  the  correlation  of  the  external 
simulated  environment  to  the  Internal  environ¬ 
ment  adjacent  to  or  In  equipment  and  subsys¬ 
tems  within  the  airframe  even  more  nebulous. 
Accelerating  the  test  required,  particularly  for 
long  flight-time  satellites  ana  space  vehicles, 
poses  even  greater  problems. 


Preliminary  study  cf  a  systems  test  facility 
for  space  vehicles  has  been  carried  out  by 
Arnold  Engineering  Development  Center,  Tulln- 
honoa,  Tennessee.  This  study  has  resulted  in  a 
proposed  military  space  systems  test  lacUlty, 
called  Mark  n.  This  proposed  facility  is  shown 
in  Fig.  6-45  and  its  capabilities  are  listed  In 
Table  6-11.  An  interim  facility,  called  Mark  L 
is  prvBciitly  in  tlie  preliuiiriary  stages.  It  is  of 
much  smaller  design,  but  will  allow  testing  of 
some  of  the  smaller  systems. 


ERvtroomental  Test  Facilities  for  Humans 

Full-scale  environmental  test  facilities  for 
humans  will  make  It  poesible  to  determine  the 
suitability  of  personnu  protective  assemblies, 
such  as  space  suits,  cairauies,  and  life  support 
systems,  by  testing  them  in  tne  same  extreme 
environments  In  which  they  will  be  used.  Such 
facilities  will  also  serve  for  selection  and  train¬ 
ing  ol  astronauts  and  for  study  of  psychological 
and  ecological  problems  related  to  survival  out¬ 
side  Uie  Earth’s  atmosphere. 

A  proposed  environmental  facilite  lor  life  sup¬ 
port  systems  is  Illustrated  in  Fig.  6-46.  /8/ 
Thele^d  for  Fig.  6-46  is  given  In  Table  6-12. 
This  facility  consists  of  three  chambers:  a 
ciyo-cooled,  high-vacuum  chamber  shown  at  the 
left;  a  safety  chamber  In  the  middle:  and  a  solar 
and  infrar^  radiation  chamber  at  the  right. 
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1  Tnlfoni-ts  HqIlH 

2  Diffusion  Pump 

3  Roughing  Pump  Line 

4  Horizontal  Electro- 
Hydraulic  Exciter 

5  View  Port 

6  Vocuum-Tigr.r  Olond 


7,  Control  Console 
0  Cold  Woll 
9.  Rodiotion  Lomps 
to  Solar  Lamps 

11  Verlicol  ElecfrC“ 
Hydraulic  Exciter 

12  Specimen 
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In  tlie  rlfrlit  chamber,  the  direct  radiation  from 
Uic  sun  Is  simulated  on  the  upper  hemisphere  of 
the  rhamloer  by  a  combination  of  carbon-arc 
lamps,  hiirh-p.esEure  mercury  vapor  lamps, 
tunr.sten  lamps,  filters  and  reflectors.  Indirect 
solar  rariiation  is  simulated  by  reflectors  and 
infrared  radiators  arranged  in  a  ring  on  the 
rdiamber  floor.  Dy  switching  on  different  num- 
iit-rb  ui'  tiuii  lamtiB  and  Infrared  radiators,  the 
intensity  of  the  simulated  solai-  radiation  can  be 
variedwitliout  changing  Us  spectral  energy  dls- 
triliutlon.  This  allows  simulation  of  the  solar 
radiation  level  In  Uie  vicinity  of  varlcis  planets, 
l  liL  low-tomperaV’ire  backgrtxind  of  the  black 
•  l.y  is  also  simulated  in  the  solar  radiation 
(hamlXT  by  cooling  the  upper  hemisphere. 
Uitliout  tills  cooling,  the  chamber  walls  would 
be  heated  aLiove  room  tempiTature  and  the  actual 
( iniditlons  would  be  distorted. 


Table  0-6.  ^)eclfloation8  for  Space 
Reeearch  Facility 


Environment 

Facility  capahiltty 

Low  prcaaure 

10"®  mm  of  Hg  (oorresponds  to 
lAnO.OOO  feet  a..cordlng  to 

1959  Model  Atmoephere). 

F.lectro  magnetic 
radiation 

Infrared,  visible  and  uUra- 
rtolet  radiation  between 

100,000  and  1800  angatrome 
will  be  simulated. 

Extreme  ultraviolet  radiation 
will  be  simulated  to  1000 
angstroms,  and  an  attempt  wlU 
be  made  to  simulate  It  to 

100  angntroms. 

- 

As  much  of  the  X-ray  opw- 
trurn  as  possible  will  be 
slmuloted. 

Vibration 

Frequency  spectrum  of  5  to 

2000  epe,  sinusoidal. 

Dissociated 
and  ionleed 
gases; 

Particle  densities  occurring 
from  60  to  400  kilometers 
(200,000  to  1,300,000  feet); 

10^  to  4  X  10®  particles  per 
cubic  centimeter. 

Oxygon 

dissociation 

From  0  to  80  percent. 

Nitrogen 

dissociation 

From  0  to  60  jiercent. 

Ozone 

Concentration  from  8  to  500 
parts  per  million  at  altitudes 
from  60,000  to  130,000  feet. 

Atomic  particle 
radlaUca 

SecoDcUry  X-  radiitlon  will 
b®  siirubit^d* 

Solid  particle 
impact 

Solid  pertlcles  from  10  to 

250  mlcroiic  In  diameter  and 
at  velocities  of  10,000  to 

20,000  fee*  per  second.  Rate 
of  particle  iB^ection  Is  inde¬ 
terminate  at  this  time. 

With  further  development, 
particle  velocitlea  In  the 
meteorite  range  (35,000  to 

225 ,000  feet  j>er  second)  can  bo 
achieved. 

Space  research  facility  to  be  6  feet  In  diameter  by 
13  feet  in  length. 


Aerodynamic  heating  occurring  during  reentry 
can  also  be  simulated  in  the  solar  radiation 
cliamber  at  any  desired  low  pressure  by  arrang¬ 
ing  special  heat  lamps  around  the  reentry  body. 
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Tiiblf  f)“7.  Sp 

'clflcatione  for  AcouBtlc-MochanlC"! 
Vibration  Facility 

Fnvi  ronment 

Facility  capability 

A(.“o\iPtlc 

Sound  pressure  level  up  to  178  db, 
with  wide-band  random  capability 
over  frequency  range  of  20  to 
iO,OUO  epa  in  reverberant  field. 

With  further  development,  sound 
pressure  level  of  130  db  can  be 
maintained  for  short  period,  fol¬ 
lowed  by  170  db  continuously. 

Aerodynamic 

heating 

Programmed  heating  of  test  spe¬ 
cimen  perimeter  surfaces  to 
vehicle  flight  profile  require¬ 
ments.  Maximum  surface  temper¬ 
ature  of  2400  F  (1300  C). 

Vibr:  lion 

Programmed  sinusoidal  and  ran¬ 
dom  vibration  in  vertical  and 
lateral  axes.  Frequency  of  2  to 

2000  cps.  Magnitude  of  *40  g 
plnusoldal  and  i0.2  g  per  cycle 
random. 

Shock 

0  to  500  g  over  1  to  .30  mlUlBecond 
period. 

Internal  volume  of  acoustic-mechanical  vibration 
facility  Is  32  cubic  feet. 

Table  6- 

8,  Speclflcailians  for  Inertial 
Dynamics  Facility 

Environment 

F  aclUty  capability 

Altiludc 

To  120,000  feet,  programmed  to 
flight-profile* 

A^.roflyiiflmlr 

i)calin^ 

Programmed  heating  of  test  spe¬ 
cimen  perimeter  surfaces  to 
vehicle  flight  requirements. 
Maximum  surface  temperature  of 
2400  F  (1300  C). 

vibration 

Programmed  sinusoidal  and  ran¬ 
dom  vibration  in  vertical  and 
lateral  axes.  Frequency  of  2  to 

2000  cps.  Magnitude  of  ±40  g 
sinusoidal  and  ±0.2  g  per  cycle 
random. 

Pragrrirnmed 

shock 

0  to  500  g  over  1  to  30  millisecond 
(jciiod. 

Aoct'lf'ration 

Variable  from  X)  to  100  g.  May  be 
programmed  to  vehicle  flight 
profiles  from  0  to  100  g  with 
S-ECcond  onset. 

Tibl«  6-9.  ^jecinoatlon*  for  Thermo-Mechanical 
D^rnamio  Facility 


Environment 

Facility  capability 

Low  pressure 

10"®  mm  of  Hg  (oorresponds  to 
n&0,00C  feirt  according  to  1059 

Model  Atmosphere). 

ModifloationB  will  ultimately  allow 
low  pressure  of  10~®  mm  of  Hg  to 
be  achieved  If  desired. 

Solar  beating 

130  watts  per  square  foot  on  one- 
half  of  test  specimen  perimeter. 

Will  cover  principal  heating 
apeotrum  of  100,000  to  3000 
angstroms. 

Aerodynamic 

heating 

Prognunmed  heating  of  test  spe- 
oimen  perimeter  surfaces  to  fUgbt 
vehicle  profile  requirements. 
Maximum  surface  teropersbire  of 
2400  F  (1300  C). 

Vibration 

Programmed  elnusoldal  and  ran¬ 
dom  vibration  In  vertical  and 
lateral  axns.  Frequency  of  5  to 

2000  ops.  Magnitude  of  *40  g 
sinusoidal  and  *0J2  g  per  oycle 
random. 

Pi\>g  rammed 
shock 

_ 

1)  to  500  g  over  1  to  30  mllUaeoond 
period. 

1.  Thermo-msohantcal  dynamic  facility  to  b«  8  fe«t 
in  diameter  by  10  feet  in  length. 


2.  ProvlBlcns  for  later  addition  of  other  hyper 
environments,  such  as  otone,  ionized  and  dis¬ 
sociated  gases,  and  high-velocity  solid  pnrtlclee, 
will  be  ooDSidered  in  design  of  facility. 


Ti'St  ar<T.  of  Inertial  dynamics  facility  is  50-fuot 

lli'l'TlcUT  pit. 


F'g.  6-43.  Dynamic  Analyzer 


I  iible  0-10.  CapahlUtlcB  of  Djnamlc  Analyier 


Environment 
or  operational 
parameter 

Facility  capability 

I’rcssure 

Ground  level  to  3.8  x  10"^ 
min  of  Hg  In  100  mlmttec. 

Temnerature 

(high) 

From  ambient  to  450  F 
(232  C)  In  45  minutes, 
meaaiurcd  on  Internal  wall 
of  radiating  surface.  Heat 
will  be  radiated  frem  clam- 
Bhell  type  radiating  surface. 

Tenaperatu  re 
(combined  h'  j'.i 
and  low) 

One-balf  of  radiating  sur- 
faoe  will  beat  to  400  F 
(205  C)  and  other  half  wtU 
cool  to  -40  F  (-40  C)  almul- 
taneously.  These  tempera¬ 
tures  will  be  measured  on 
Intemal  walls  of  radiating 
surfaces. 

Vibration 

Frequency  from  2  to  at  least 
800  cps.  Lew-frequency 
double  amplitude  will  net  be 
greater  than  0.5  inch,  with 
majdmum  acceleration  of 

5g  available  from  crosB- 
ovej  ipolnt  to  end  of  hlgh- 
freqvicncy  apectrum. 

Modular  package 
cooling  system 

VRll  provide  15  pounds  of 
air  per  minute  at  controlled 
temperatures  from  -40  to 

200  F  (-40  to  33  C)  at 
equipment. 

lloll,  pitch  and  yaw: 

Roll 

*20  degrees  fiom  30  min¬ 
utes  per  cycle  to  5  cycles 
par  second. 

Pitch 

±20  degrees  from  30  min- 
ijtcs  per  cycle  to  5  cycles 
per  second. 

Yaw 

±2  degrees  from  5  mliaites 
per  cycle  to  5  cycles  per 
second. 

Si7c  of  work  snace 

Seven  feet  In  diameter  by 
eight  feet  in  icngui. 

Rapid  heating  of  the  skin  of  the  reentry  body  by 
various  degrees  and  with  different  temperature 
distriljutions  can  also  be  obtained  by  using  high- 
frequency  colls  or  radar  heating. 

The  safety  chambcrprovldes  for  Instantaneoua 
reversal  of  test  conditions  and  rescue  of  the  test 
subject  within  a  few  seconds  in  case  of  an  emer¬ 
gency. 


nrsiGN  AND  SELECTION  OF  FACILrTIES 

It  is  not  the  purpose  this  handb(X)k  to  give 
d'Tailed  Inforinalion  on  tlie  design  and  construct- 


'"lonof  envtronmesittd  testing  facilities.  However, 
In  designing  and  selecting  such  faculties,  cer¬ 
tain  general  faclors  must  bo  kept  in  mind  11  Uie 
facility  is  to  operate  effoctlvcUy  and  efficiently. 
These  factors  are; 

1.  Mechanical  features. 

_  a.  instrumemtation. 

a.  Safety  features. 

4.  Economic  cODSlderations. 

Mechanical  Features 

Use  of  the  most  up-to-date  materials  and 
technlcjues  is  essential  to  the  deslm  of  environ- 
moital  testing  facilities.  Usually,  the  test 
equipment  must  be  designed  and  consin'ctef'  oo 
that  It  can  simulate  the  desired  environment 
many  times  In  u^der  to  economically  justify  Its 
existence.  A  salt  spray  chamber  design^  to 
test  corrosion  resistance  must  not  itself  fall 
apart  after  a  few  exposure  tests.  This  same 
phUosophy  applies  to  all  types  of  environmental 
testing  facUlUes  except  a  few,  such  as  certain 
trocs  of  rocket  sleds  used  in  "one-shot"  ap- 
pxlcatlons.  However,  even  in  the  case  cd  such 
an  expendable  test  equipment,  the  materials  and 
techniques  used  In  Its  construction  must  be  such 
that  it  will  Mrlorm  its  function  reliably  and  ef'* 
lectlvely.  u  effect,  environmental  iactimes 
must  be  simple  and  economical,  and  at  the  same 
time  capable  of  prociiclng  repeatable  environ¬ 
ments  to  assure  similar  test  results. 

Instrumentation 

At  the  time  a  testing  facility  Is  being  buUt  or 
purchased,  the  instrumentation  remiirements 
should  be  reviewed,  not  only  In  tiie  light  of  im¬ 
mediate  need,  but  also  with  respect  to  future 
needs  and  flexibility.  Percentagewise,  Instru¬ 
mentation  cost  relsdive  to  facility  cost  is  usu¬ 
ally  small.  Howevei,  in  terms  of  potential  sav¬ 
ings  In  man-hours  and  elapsed-time,  a  judlclouB 
selection  of  instrumentaiiou  Con  uitV6  5.  COuSld- 
erable  effect  during  the  useful  life  of  the  test 
facility.  As  an  example,  for  certsip  test  cham¬ 
ber  applications  pr^rammed  iustrumentallon 
can  ^ect  savings  In  elapsed-tlme  and  mtui- 
bours,  while  at  the  same  time  p>-ovicUng  a  per¬ 
manent  record  of  the  cycle  proceed. 

The  accuracy  of  InstrumeiUatlon  should  a.’.so 
be  considered  in  terms  of  both  the  present  and 
future  usage  of  the  faculty.  Instrumentation  of 
low  accuracy  may  be  acceptable  now,  but  this 
may  not  be  so  at  some  future  date  when  the  fac¬ 
ulty  is  used  for  another  project.  In  the  long 
run,  it  may  be  far  less  expennlve  to  InltlaUy 
Install  instrumentation  of  g'matcr  accuracy  than 
required,  than  to  convert  from  low  to  hl^  ac¬ 
curacy  Instntmonlation  in  the  future. 

*Jafety  Features 

Because  of  the  extreme  environments  prockiced 
by  many  testing  (acUiUes,  the  safety  of  operating 


6-31 


z’m. 


\ 


- 

'.’-jfe., 

y 


personnel  Is  an  important  consideration  and 
shovld  never  be  compromised  lor  reasons  oi 
economy.  Applicable  military  specillcatlons 
shouivl  be  used  as  the  primary  guide  in  deter- 
minin^^what  safety  features  a  particular  facility 
requires.  These  specifications  cover  items 
sucli  ?s  circuit  breakers,  temperature  safety 
rnntrolB,  automatic  drains,  relief  valves,  etc. 
Twe  ojch  specifications  are  MIL  ••'>7&15A, 
"Chamber;  Altitude,  Humidity,  and  T'^.  jperature 
Test,"  and  M1L~C-9435A,  "Cnamber,  Explosion 
proof  Testlni;." 

Kronomic  Considerations 

In  procuring  or  designing  test  equipment  for 
any  environment,  several  basic  factors  should 
le  considered  ttfore  the  final  sire  or  capacity 
is  decided  upon. 

1.  Wliat  are  tlie  present  capacity  require¬ 
ments? 

2.  W'tiat  will  be  tJ\c  future  capacity  require¬ 
ments? 


3.  Is  the  same  test  equipment  to  be  used  for 

pruuuctiori  iiiQuele  is  nCll  as  fcr  prototype  ' 
work?  . 

4.  Will  it  be  necessary  to  Increase  the  se-  , 

verity  of  the  environment  in  the  near  future?  4^ 

■  h. 

■'t-  i*y 

,  iff 

The  answers  to  these  questions  define  the  test 
equipment  parameters  and  sliould  result  in  fa- 
cilitiesthat  are  economically  feasible  for  pres-  ’ 
ent  operation  and  which  will  not  become  obsolete  f* 
within  a  year  or  two.  An  example  of  this  is  al- 
titude  chambers.  Although  existing  ^eclflca- 
tlons  call  for  a  simulated  altitude  of  60,000  feet  J|_ 
for  manned  aircraft  components  and  equlpmcr<t,  C' 
it  might  be  desirable  In  the  near  future  to  use  ? 
the  same  facility  for  missile  work,  thus  making  ‘ 
It  necessary  to  have  altitude  simulation  capabll-  h 
Hies  of  200,000  feet  or  more.  This  added  alti-  <>, 
tude  range  can  be  obtained  for  a  small  percent- 
age  increase  in  cost  over  that  of  a  chamber  of  '( 
60,000  feet  capab  Ity  when  the  equipment  Is 
first  built. 
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Fig.  6-45.  Proposed  military  space  systems  test  facility. 


T.ible  C-11.  Capalillllies  of  Proposed  Military  f^sre 
Systems  Test  Facility 


ibivlronmpnt 

Facility  capability 

I’rchsure 

10~®  to  10~®  rnm  of  Hg  dependent 
on  load. 

rorpperature 
(licat  sink) 

T  =  100  K. 

wall 

rcifUciticn 

144  watts  f/or  square  mete'  over 
a  175-8quarc  meter  projected 
area. 

Aiinospticric 

N^,  O^,  and  ll^..- 

I>)Ti:ur.ic 
t'.  n.'isji’nt  T  c 

Velocity  of  a[>proximately  12,000 
metera  per  second  with  mass 
flows  SOtolDOkm,  approximately 

1  to  0.0001  kilogram  per  second. 

Magnet ii;  fii’lds 

0  to  21  Gaups.  - 

nii-'ii 

Two  ’.0,000  kilogram  shakers  to 
siimilate  actual  excitation. 

-Iviv  k 

1100  for  1  niilUeecoiid,  lo  15  g 
f(ir  11  rr.ilUsccon'is, 

Vn^’ul.'jr 
vrlocitv  ;viul 

rowar-driven  giinbal  mount. 

Likcvylse,  In  the  area  of  vibration  testing,  al¬ 
though  some  specifications  require  tests  to  500 
and  600  qjs,  it  is  often  advantageous  to  obtain 
generator  equlpmoit  that  operates  up  to  200Q 
cps  and  costs  only  slightly  more. 


Costwise,  the  advantages  and  disadvartages  of 
test  equipment  versatility  should  be  weighed.  A 
combination  temperature,  altitude  and  humidity 
facility  can  be  contained  In  one  chamber.  Is  it 
worth  tying  up  an  espensiveplecenf  test  eouin- 
.  ment  for  a  long  humidity  luin  when  It  could  be 
used  for  other  test  work  on  temperature  and  al¬ 
titude?  Or  does  it  pay  to  get  a  separate  homid- 
'ity  chamber  for  this  purpose  at  a  fraction  of  the 
cost  of  the  temperature -altitude  box?  These 
questions  indicate  the  type  cf  thinking  that  must 
to  done  to  Insure  economical  procurement  of 
test  equipment.  Table  6-13  is  a  checklist  of 
things  to  to  considered  when  procuring  environ¬ 
mental  test  equipment. 


^Environmental  Laboratory 

The  layout  of  an  environmental  laboratory  is 
shown  in  Fig.  6-47.  Generally,  the  test  equip¬ 
ment  is  divided  Into  the  four  following  catego¬ 
ries,  each  of  which  can  be  located  in  a  separate 
area: 


1.  Climatic. 

2.  Shock. 

3.  Vibration.  _ 

4.  Acceleration. 
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Fig.  6-46.  Proposed  environmental  facility  for  life  support 
systems.  (For  legend  see  Table  6-12)  /8/ 


Table  6-12.  Legend  for  Fig.  6-46 


Item  no. 


Description 


Outer  wall  of  cryo-cooled  chamber. 

Inner  wall  of  cryo-cooled  chamber. 

Refrigerant  colls  for  liquid 
nitrogen. 

Ertendable  space-worker  cabin. 
Large  chamber  doors. 

Small  chamber  doors. 

OliBon’cr  In  safety  chamber. 

Oiter  wall  of  8af'’ty  chamber. 

Large  chamber  door. 


Smnll  chamber  door  with  outside 
observer. 

Outer  wall  of  solar  radiation 
chamber. 


Bern  no.  Desoriptlon 

12  bmer  well  of  solar  radiation 
chamber. 

13  Refrigerant  colls  for  freon. 

14  Manned  compartment  of  space  vehicle. 

15  Solar  radlstiOD  simulators. 

16  Infrared  radiators. 

17  Vacuum  pumps  and  cryoetats  in 
basement. 

16  Counter  weights  for  chamber  door. 

16  Helium  cooling  trap. 

20  Vacuum  pump. 

21  Counter  weight  for  chamber  door. 

22  Vacuum  pump. 

23  Vacuum  pumpe  and  cryostats  in 
basement. 


I  ri-13.  Tf-niinc  K.icllltr  Check  List 
MaImHaIr  and  equipment 
I-ocp'lon  of  lost  cxjulpment. 

ni.-.slpstlop  of  equipment  undt  r  test;  Intermittent 
or  coUbliint, 

DcAd  niABR.  maloiial  and  welRht. 

Noncorrosive  chamber  lining  for  particular 
application. 

Special  "footings"  for  some  equipment,  mich  as 
coinpresnors,  shock  machines,  etc. 

Blowers  or  fans  to  provont  stratification  of  air 
in  chb.T-1'er. 

Layout 

Viewing  windows  (numb  type,  size  and 
location). 

Itoors  (number,  t3rpe,  size  and  location), 

Sufficiciil  working  area. 

lUumlnatlon  (1>7>C  and  level). 

Waste  and  water  supply  linos, 

rorts  for  cables. 

lAimmy  mounting  panels. 

Instrumentation,  power  andcontrol 

Type  and  capacity  of  power  supply. 

Tcrniinalp  for  power,  signal,  liigh-voltagc  and 
cicixlal  l.'Tilj, 

I\ill-down  time  or  steps. 

Sensing  cl  -'ments  (number,  type  and  accuracy). 

Itecoidcrs  (number,  typo  and  accuracy). 

Ilecordi  r  controllers,  programming  controllers, 
type  of  Imalors, 

Safety 

Non-haznrdous  location  of  facility  in  event  of 
failure. 

rci.‘^otu\cl  safety  devices. 

Bcjiiipmcnt  jalcly  devices. 


The  environments  falling  Into  this 
catcitory  liavo  been  discussed  previously  and 
will  not  1'"  reiJcated;  however,  it  Is  important  to 
lo(  ate  these  facilities  In  a  separate  section  of 
U.e  i.iboi'idury  in  an  arranjte.nient  satisfactory 


j  Colibroilon 

1  Area 

J  Rest 
'  Area 

/-T  / - - 

'Ekplo'  -on  Chornbar- 

Personnsl  j  Cllmotic  Ar«o 

Areci  * - - - 

1  1 

_  .  1  ^ 

Sheck 

Areo 

Instrumflniadon  Area 

Vibrolion 

Area 

Acceleration 

Elecfrinic  AmpIKI^riii 
ond  Fkiwer  Supplies 
for  Vibrolion  Hreo 

Area 

Pig.  0-47.  Layout  of  typical  environmental 
laboratory. 


to  the  physical  size  and  purpose  the  equipment 
is  to  perform.  Advantages  can  eometlmes  be 
gainea  In  floor  space  by  grouping  and  double  or 
triple  docking  such  at^Uary  equipment  as 
pumps,  compressors,  meters,  etc.  Do  not  lo¬ 
cate  climatic  facilities  In  the  vicinity  of  doors 
leading  to  the  outside.  If  possible  also,  this 
section  of  the  laboratory  shoaid  be  air  conditioned 
to  permit  uniform  conditions  ctf  temperature  and, 
.relative  humidity  to-be  maintained. 

^  Shock.  Examples,  of  equipment  In  this  cat- 
e^ry  are  the  Navy  medium-  and  hlgh-lmpact 
machines,  sand  drop  machines,  and  lead  pellet 
machines,  which  prowce  shock  pulses  in  vaa'yb.g 
magnitudes  and  durations.  This  type  of  equip¬ 
ment  is  often  noisy  and  Is  sometimes  hazardous 
-since  parts  may  fly-off  the  equipment  during  tlie 
test  cycle.  For  these  reasons,  as  well  as  from 
a  functional  standpoint,  this  type  of  equipment 
-should  be  grouped.  -Depending  upon  the  location 
within  thp  lobor&torv  h  to 

buildawlreme^  screen  In  front  ut  th^e  marine 
to  protect  personnel  from  flying  parts. 

^ .  Vibration.  There,,  are  several  major  reasons 
for  segregating  this  type  of  equipment  to  one 
section  of  the  laboratory.  First,  the  equipment 
.produces  a  high  noise  level  that  should  be 
shieldedfrom  the  surrounding  area  and  person¬ 
nel.  Second,  the  electronic  consoles  used  with 
the  shaker  olssipate  large  amounts  of  heal,  and 
It  j  desirable  to  locate  this  equipment  outside 
of  the  air  conditioned  portion  of  the  laboratory. 
-Andthlrd,  the  equipments  perform  similar  func¬ 
tions,  sometimes  making  it  possible  for  auxil¬ 
iary  equipment  to  complement  different  shaker 
systems. 

Acceleration.  While  It  Is  not  essential  to 
group  different  types  of  centrifuges,  from  a 
functional  and  work  flow  standpoint  it  is  a  nat¬ 
ural  segregation. 


F,\iiU)aU)n  Chanil)er.  The  explosion  chamber 
slnHiiJlto  l  onlalncdln  a  separate  air  conditioned 
room.  'I!ii9  room  must-  l»e  Insulated  so  that- 
noipe  caused  b>'  explosions  Is  not  propaKated 
Uirouphout  the  laboratory. 

Research  and  Development  Testtna 

AUlioutii  the  laboratory  layout  show^ii  In  Flg._ 
b--!?  is  suitable  for  present  testing  requirements, 
it  docs  not  allow  for  research  and  development 
testlni;.  For  R  and  D  testing,  aa  many  as  pos¬ 
sible  of  the  facilities  should  be  movable  so  that 
In  any  of  the  cells  or  facilities  combinations  cf 
environments  can  be  set  up.  Only  the  heavleat- 
facllitics,  such  as  large  centrifuges,  should  be 
perr.iaJi'  tiQy  built-in.  Another  requirement  Is- 
th;-:  a  shop  be  included,  not  only  for  calibration 
and  maintenance  of  the  facilities,  Iwt  also  lor 
mortification  and  adaptation  of  facilities  to  fit 
new  combinations  of  environmental  set-ups  as 
well  as  Improvisations  and  construction  of  new 
facilities.  The  Norair  Design  and  the  Dynamic 
Analyzer  are  Ideal  facilities  for  rcseardi  and 
development  purposes  since  they  provide  maic- 
Irnum  cornbination  and  flexibility,  which  are  re¬ 
quired  in  studying  environmental  effects. 

T)ic  Future  of  Envlror.rnental  Testing  Factllttes 

In  the  future,  enyirorinental  testing  facilities 
will  be  crilcd  upon  more  and  more  to  simulate 
liypi'r  environments  andcombined  environments, 
as  wcU  as  to  increase  the  duration  and  level  of 
many  present-day  tests.  To  be  able  to  do  this 
effertiveiy  and  economically  new  materials  and 
techniques  must  bo  developed.  Improvements 
in  cxi.sting  Insulators,  structural  materials, 
refrigerants,  sealing  and  refrigerating  tech¬ 
niques,  instrumentation,  etc,  are  needed.  In 
addition,  programmed  controllers  that  more 
nearly  simulate  the  actual  expected  environ¬ 
ments  are  required  in  some  areas.  As  various 
"Itreaktliroughs"  occur,  they  will  be  Incorporated 
Into  existing  facilities,  as  well  as  forming  the 
ioundatlcn  for  entirely  new  ones. 


TFST  i-nOCEDURES 

r.nvimnmental  simulation  Is  determined  both 
by  Uiu  lacilities  and  test  procedures  used.  The 
vat  'ous  cynes  of  lacilities  have  been  discussed. 
Tin  rentaiping  paragraphs  of  this  chapter  dls- 
( list  Ihr  philosophy  of  developing  test  proce¬ 
dures  under  various  circumstances.  The  factors 
invulvcd  In  developing  test  procedures  Include: 

1 .  Tlie  mission  profile  of  the  weapon  system. 

2.  Ttic  crocrallonal,  functional  and  envlron- 
tiii'iiial  profile  of  the  materials,  equipment  and 
.siil'svstcms  wltfiin  the  weaptjn  system, 

h,  Tlie  inlegraHon  of  tost  purposes  with  the 
test  luoceciure. 

4.  Ttie  p'.rategy  and  tactics  Of  environmental 

tistini'.. 


5.  The  development  of  the  test  procedure  It¬ 
self,  ' 

6.  Single  and  combined  environmental  tests. 

7.  Sequencing  of  environmental  tests. 

8.  StandardlsaUan  of  tests  (uniform  duplica¬ 
tion). 


ENVIRONMENTAL  TESTING  GOALS 

The  application  of  scientific  method  Ui  en¬ 
vironmental  testing  is  the  foundation  of  sound 
test  procedures.  The  purpose  of  the  test  Is  the 
starting  point  for  analysis,  defining  the  scoire  of 
tests  to  be  performed,  as  well  as  their  required 
ranM  of  validltv  and  reliability;  scirnUfic 
method  Implies  the  use  of  the  strat»;’es  and 
tactics  that  have  given  man  unparalleled  com¬ 
mand  and  knowledge  of  his  physical  environment 
during  the  last  300  years.  The  decision  to 
pursue  a  given  course  of  environmental  testing 
Implies  a  decision  as  to  the  relevant  variables 
and  key  parameters  intmlved  In  relation  to  the 
time,  facilities  and  resources  that  may  be  al-  j 
located  to  the  task. 

Environmental  testing  may  be  directed  towards 
a  diversity  at  goals: 

1.  The  establishment  of  reliable  .Terformance 
in  the  mission.  Obviously,  this  Is  a  necessary 
requirement,  without  whicli  all  other  qualllleB 
are  valueless, 

2.  Estaldishmentot  reliable  performance  In  the 
logistic  environment.  Almost  all  military  equip¬ 
ments  spend  far  greater  periods  of  time  In 
storage,  transportation  and  in  "ready-state” 
than  they  do  in  the  mission  phase,  and  it  is 
evident  that  the  equipment  must  be  available  at 
the  point  of  use  in  a  ccmdlUon  that  permits  the 
mission  to  be  performed. 

3.  Usually  negieclou,  wut  of  major  Impcrt— 
ance,  is  the  maintenance  environment.  This 
Includes  the  environments  associated  with  the 
actions  necessary  to  maintain  the  readiness  and 
the  performance  of  the  system.  For  example, 
If  during  maintenance  moisture  from  the  hand 
were  transferred  to  a  piece  of  equipment,  it 
could  be  the  start  of  a  rust  spot  or  the  cause  of 
a  fungi  formation.  Likewise,  handling  s‘  ocks 
during  maintenance  can  damage  equipment. 

It  is  iherefore  seen  that  the  test  procedure 
must  make  provision  lor  the  Induced,  as  well  as 
the  natural,  environment.  Indeed,  the  test  of  one 
without  the  otlier  verges  on  the  meaningless. 

Strategy  and  Tactics  of  Environmental  Testing 


The  scope  of  environmental  testing  and  tlic 
procedures  applicable  to  it  benefit  from  Uic 
fact  that  nature  Is  linear  over  useful  working 
ranges  of  the  environment.  Tliat  is  to  say:  ( 1) 
components  built  of  materials,  each  of  wliich 
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u  i'liM  111')  ihr  cnvi.Tinrricntal  Bt.rees,  havo  a  con- 
Fldcrablo  chance  ol  worklnf?  tORCther  In  com¬ 
bination,  and  (2)  knowledge  gained  on  a  part  of 
a  Kyslein  provides  guldepostfl  to  aBseaement  of 
the  wliole  system. 

Tlic  sequence  of  environmental  testing  pro- 
rc(iurf  „  '»-s  hand-in-hr'.nd  with  engineering  do- 
vcloonient.  Order-of-magnitiKle  refliiltathat  are 
usable  in  the  Initial  stages  of  research  and  de- 
velonment  are  followed  by  engineering  develop¬ 
mental  testing,  In  whlclj  the  complete  mlsaloti 
envelope  is  explored  for  critical  areas  and  a 
precise  delineation  of  limits.  Then,  the  dem¬ 
onstration  testing  of  the  prototype  la  carried 
out,  in  which  the  object  Is  to-establleh  the  suc¬ 
cess  ol  the  research  and  development.  Finally, 
there  production  testing,  which  demonstrates 
that  the  production  items  perform  within  the 
required  limits. 

The  implementation  strategy  affecting  tlie 
selection  of  tlie  test  procedure  depends  on  the 
level  considered.  A  practicable  classification 
of  Uiese  levels  Is  as  follows: 

1.  Matcriale. 

2.  Paris. 

3.  Components. 

4.  Subsystems. 

5.  Systems. 

In  planning  environmental  test  groupings,  It  Is 
necessary  to  coialog  and  define  the  materials, 
parts,  compononla,  equipment,  subsystems  ana 
systems, 

M.aterials.  Materials  arc  metals,  their  alloys 
and  non-metals.  Tlie  properties  of  materials 
establish  ttie  rerformance  limitations  of  the 
llenis  which  they  cuhstilute.  The  following  major 
t'las.sificalions  may  be  considered: 

1,  idctal.^  and  alloys. 

2,  Coramics  and  grtTphlte. 

r>,  Pla.slic;'  and  elastomers. 

4.  Fluids  (including  petroleum  products). 

Ti.  Ojmposile  materials, 

P.-.r'i.T.  A  part  is  Uie  sinaUest  iunctional  Item. 

(  onijiDMi'ntSj^  A  compoticnl  Is  an  assembly  of 
parts  that  lias  a  specific  function  In  an  Item  of 

I  q.iiphiciil. 

l^oiimients.  An  equipment  Is  an  assembly  of 
I  lunp-iiicn!;, Tliat  has  a  specific  function  Ir.  a 
su  I  isy  Me  III. 

S'lt'systi  in.  A  Fubsystem  is  an  assembly  of 
( ') ITpii  I'lil.slliat  lias  a  s|K'cifir  function  Ln  asys- 
I ■  .111.1  is  i  s.sentlal  for  functional  completeness 

.1)  ilii.  system,  Lxamplcs  of  sutisystems  are: 

lull  tutc,  enitine,  fuel  sulisystern,  iiomblng  and 


navigation  subsystems,  fire  control  subsystem, 
electrical  subsystem,  etc, 

Syotems.  A  system  Is  an  assembly  of  oub- 
sy^ems  that  has  a  specific  function  In  a  weapon 
syatem  and  is  essential  for  the  accomplishment 
of  the  weapon  system  design  mission.  Examples 
of  systems  are  the  flight  vehicle  (aircraft  or 
mlBsllo)  system  and  the  ground  servicing  sys¬ 
tem. 

WeM)on  Systems.  A  weapon  system  la  an  as- 
sembly  of  systec^  essential  to  accomplish  a 
specific  Air  Force  mission. 

—  Preliminary  Test-Procedure  Development 

The  strategy  and  tactics  of  test  procedure  dO" 

—  velopment  consist-  of  the  utilization  oi  all  nrp»_ 
Tious  knowledge  to  determine: 

'  1.  What  factors  mii£t  be  considered,  and  the 

quantitative  limits  on  such  factors. 

“  2.  The  value  of  Increased  accuracy  and  re¬ 

liability  of  knowledge  tn  the  specific  case. 

^  3.  The  applicability  and  responsiveness  ol 

single  and  combined  environmental  tests, 

“  4.  The  envtronmeincs  to  be  tested  and  their 

grouping. 

5.  The  equipments  and  procedures  required 
for  the  Btanoardlzatlon  of  test  results. 

6.  The  number  of  items  required. 

It  Is  obvious  that  a  decision  in  any  one  of  fheae 
areas  has  Implications  for  the  oUmrs.  Thus, 
for  preliminary  Investigations  a  wide  range  of 

-factors  may  be  considered,  using  only  a  single 
specimen  In  simplified  tests  and  different  equtn- 
—  inents  whose  convertibility  is  only  crudmy 
known.  Such  an  approach,  although  soundly  ap- 
_  pllcablv  for  de-tecUrig  groaS  pivulcm  az’eaa  is 
not  at  all  suitable  In  Uic  succeeding  stages  of 
test  procedure  development  iiiwhloh  successive¬ 
ly  higher  orders  of  accuracy  must  be  obtained. 

Previous  knowledge  is  the  basic  factor  in  the 
process  of  initially  estHblisltlng  the  test  pro¬ 
cedure.  In  the  practical  case.  It  is  seldom  ne¬ 
cessary  to  assume  complete  Ignorance  of  ma¬ 
terials,  components  or  even  subsystems  behav¬ 
ior.  A  thorough  going,  critical  rirvlew  of  avail¬ 
able  literature,  previous  test  results,  and  ex¬ 
perience  Is  8  simple,  olten-neglccted,  atop  that 
pays  manyfold  dividends. 

The  establishment  of  the  Initial  test  procedure 
docs  not  imply  rigidity ,  either  In  thinking  or  In 
procedure.  Indeed,  the  results  obLabied  during 
each  group  of  tests  must  be  evaluated  and  as¬ 
sessed  to  determine  wliat  changes  are  neceeoary 
In  tlie  succeeding  steps  of  die  p’^gram,  and, 
in  fact,  If  the  program  itself  snould  re¬ 
directed. 
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The  validity  o(  the  test  procedure,  and  Ita  re- 
<iults,  Is  purely  operallunal;  that  Is,  It  must  he 
JudRcd  solely  In  terms  ot  Its  contribution  to  the 
success  of  Uie  program.  The  succeeding  sec¬ 
tions  of  tills  cliapter  discuss  the  steps  required 
for  and  considerations  pertinent  to  the  develop¬ 
ment  of  a  test  procedure,  as  well  as  the  Im¬ 
plementation  of  the  Key  concepts  ot  single  and 
corrldnod  environments,  uniform  duplication  of 
results,  and  selection  of  the  number  o<  test 
items. 

.^election  of  Test  Procedires 


duced.  The  possible  types  o<  tests  are  as  fol¬ 
lows: 

1.  A  single  environmental  test  is  one  that 
provides  a  single  eaviroumeot  as  It  exists  along 
a  mission  profile  or  accelerates  it  so  that  tiie 
total  operational  effect  Is  reproduced  In  a  very 
short  nme. 

2.  A  mission  profile  environmental  test  Is 
one  that  provides  the  same  envlrcomental  mag¬ 
nitudes,  durations  and  sequence  that  would  be 
encountered  In  a  specific  mission  profile  of  a 
specific  aero-space  vehicle. 


The  basis  lor  a  particular  test  procedure  is 
the  expected  operational  function  and  envlron- 
meC. .  The  scope  of  the  test  objective  must  be 
broad  enough  to  Include  the  da.ta  required  to 
evaluate  the  dcslgi,  materials  and  function. 
Hence,  the  designer  must  set  t!»e  limlle  of  In¬ 
formation  needed,  and  the  accuracy  with  which 
it  must  be  oWained.  A  check  list  d  ail  the  en¬ 
vironments,  such  as  that  included  at  the  bogin- 
nini;  of  Chapter  3,  must  be  screened  to  estab- 
iish:  first  tlie  relevance  of  the  environment, 
then  the  frequency  and  crltlcainess  of  the  en- 
vironiTivistiTj.  encounter,  Thetwo,  taken  together, 
provide  the  envelope  of  environmental  stresses 
and  UicU  quantUatlvc  limits.  Certain  of  the  cn- 
[ rorniiiTil s*’  c'c'cur  In  cornblns-tlonSj  sjnc!  csrtslR 
are  mutually  inlulnling. 

ConsKUiraiions  deeding  with  test  chamber 
aval hi.bility,  fis  well  as  time  and  number  of  epect- 
rnens  avaiialile,  are  frequently  Ignored  In  theo- 
xelical  ircatrncrits,  but  play  an  important  part  In 
all  practical  c  a.sef-a  Thus,  an  investigation  of 
the  rrxjuired  for  a  comblnotl  vibra¬ 

tion,  sustained  acceleration  and  ertrchie  tem- 
perntnre  test  chamber  /&/  suggeals  that  the 
test;;  p’orfori  3il  reveal  specimen  characteristics 
not  oljtainable  in  any  other  way,  aixl  hence,  that 
.such  tests  arc  essential  for  a  coir.prehcnslvo de¬ 
velopment  firograrn.  On  the  other  hand,  they  were 
ii.ssessed  as  not  practical  for  routine  production 
tesiing. 


S.  A  combined  envlrocmental  test  l«  an  ac¬ 
celerated  tost  which  combUtes  all  envlroaiiients 
that  may  be  encountered  over  many  mls^ilons 
and  for  several  categories  of  mlsslo;i  pvufUes 
anid  types  rf  equipment.  The  environmental 
magnitudes  and  ourations  do  not,  however,  re¬ 
semble  the  actual  mission  profiles  and  are  de¬ 
veloped  on  the  basis  of  effect. 

Thus,  MfLi  Standard  210A.  while  not  a  test 
specification,  could  provide  for  a  true  simula¬ 
tion  of  the  environment.  "This  standard  Indi¬ 
cates  the  probable  extreme  climatic  conditions 
of  the  nalWal  envlroiunent  to  which  military 
equipment  iruiy  be  exposed  and  Is  Intended  to 
estaidi^h  uniform  limits  nof  to  be  exceeded  In 
normal  desl^  requirements."  On  the  other 
hand,  MIT.-K-R27510  offers  a  dual  approach. 
"This  specification  establishes  generally  ap¬ 
plicable  pr’:>cedures  for  teBtlng....under  simu¬ 
lation  and  accelerated  climatic  conditions." 
Simulated  environmental  conditionB  have  the 
advantages  of  being  "the  real  Uiltig,"  but  (hey 
possess  the  equally  evident  disadvantage  of 
operating  in  real  lime;  that  Is,  the  time  rtHiulred 
may  readily  become  comparable  wltli  Uie  serv¬ 
ice  life  of  the  weapon  system.  The  accelerated 
or  ’’hurdle"  test  utilizes  engineering  and  phys¬ 
ical  knowledge  to  effect  the  necessary  inter¬ 
polation  or  extrapolation.  The  procedure  for 
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test  period  necessarily  Involves  a  critical  ex¬ 


it  isatU'iC  point  Uiat  tiie  value  of  Uic  proftoavd 
.‘i'lf'uld  l)c  jitiidlcd  by  cornpHrlng  Uie  desired 
information  wltli  the  cost  and  cixiBequences  of 
otilaiiiini;  it.  In  any  practical  case,  tlio  numlier 
of  iin.ssililUucs  siieedily  reaches  actnwiomlcal 
lu  opii  Hons.  Tor  example  a  relay  tested  under 
ttiree  conditions,  wltli  vlliratloi;  applied  along 
tlin  e  axes,  acrelorption  In  nix  degrees  cf  free¬ 
dom,  and  with  Die  relay  In,  say,  20  poelUons, 
invol  't's  a  total  of  lOffO  test.  ;.cl -ups  and  oticr- 
ail(;n  tydes.  It  Is  the  rapid  itiCrcaso  in  the 
miml cr  of  tests  and  scopu.of  testing  i-eq-jired 
lti.it  U'.ris  to  Uit  strategy  of  proceeding  first 
Willi  rnati’ihdn,  then  cotnfwner.ts,  fol’.civied  ty 
(\pn|inuiits  and  subsysteins. 

1  c.'it  requirenients  are  approached  eitJier  by 
.'^inuilatini;  Uie  eiivlronnient  cx.acUy  or  by  using 
a  t(  el  viiuriMon  that  has  no  direct  relatloreab.lp 
to  ihe  at  tual  enviruunient,  but  from  which  the 
proie.hihty  of  productloi'  failures  can  lie  de  - 


aminatiOD  of  the_ underlying  physical  phenomena 
to  assure  that  the  law  and  scaling  factors  used 
are  apiilicable.  Thus,  In  dynamic  testing,  If  it 
can  be  shown  that  iatlgue  theory  applies  to  com¬ 
ponent  life,  and  that  acceleration  Is  proportional 
to  stress,  the  S/N  curve  may  be  applied  bj’  using 


say,  Iwhore  -|;p  Is  the  relative 

exposure  in  the  device  versus  that  in  the  lab¬ 
oratory,  and  where  the  stress  ratios  are  raeas- 
urort  the  accelerations.  The  exponent  H  de¬ 
pends  on  the  most  cricfcal  material  or  assembly. 

The  preceding  approach  provldcfi  a  basis  for 
establishing  the  necessity  for  tests  of  single 
environments,  as  well  as  tests  of  combined  en- 
vlnwimenta,  and  witlitn  each  grouping,  tlie  se¬ 
quencing  required. 

It  is  believed  that  If  the  development  of  test 
procedures  l;i  to  become  scientific  rattier  than 


iinaiytlc.il  and  arbitrary  It  1h  Imperative  that 
slT'idnrd  rnvironmnntal  test  specimens  bo  do- 
velop(>d.  Thrse  standard  specimens,  or  sensors, 
arc  items  that  will  react  In  a  predictable  man¬ 
ner  to  any  environment  or  combination  of  on- 
viroiunents.  /4/  Further -development  along 
this  line  should  allow  duplication  of  conunon 
failuroG  ior  various  categories  of  equipment. 


SINGLE  VS  COMBINED  ENVIRONMfiNTAL 
TESTING 

The  key  concept  Involved  In  selecting  between 
slnt^c  and  combined  tests  is  that  of  llnearltv 
and  intcrartlon.  U  the  effect  that  the  comhtneq 
eiivironnnLal  has  In  simply  the  addition  or  super- 
puslriou  of  the  separate  envlrrmuents,  then 
separate  environments  may  be  used;  on  the  other 
hand,  if  there  Is  Interaction  either  qualitatively 
or  quanlitatively,  then  single  environment  tests 
may  not  be  performed  with  the  conlldonce  that 
they  are  t’^uiy  representative  of  the  physical 
sltuatioi.  encountered  by  the  equipment. 

Thus  far,  little  has  been  said  regarding  the 
part  played  by  the  stage  of  development  of  the 
equipment  or  system  considered.  In  the  Initial 
stages,  there  is  "real  advantage  in  proceeding 
syslomatically  from  tlie  known  to  tlie  unknown, 
fron'i  "cuiiveniionai  environments,"  In  which  the 
correlation  between  equipment  performance  and 
test  performance  Is  known,  to  the  hyper  en¬ 
vironments,  ot  new  environments,  whose  effects 
must  be  explored.  Thus,  In  tests  where  the  nu¬ 
clear  environment  Is  Involved,  It  Is  advanta- 
i;caus,  first  to  perform  the  teeta  In  non-nuclear 
environments;  then,  repeating  In  the  nuclear  en¬ 
vironment  tijosc  tests  Uiat  are  believed  to  inter¬ 
act.  For  a  given  class  of  materials,  say,  or¬ 
ganic  iiiatciials,  a  given  environment,  such  as  a 
nuclear  cnvlr.ininent,  may  accelerate  damage  by 
interacting  wlUi  pressure,  temperature,  moist¬ 
ure  and  ozone, /1 0/. 

In  the  research  «ijd  ucveiopment  phase  In- 
volvlrjg  n’alcrlals,  the  test  procedures  begdn 
wiiri  tests  intended  to  screen  dcsliablo  raaler- 
iai'.i,  lvgli..ilng  wlLfi  tests  In  nou-lnteractliig  en¬ 
vironments  having  major  effects  and  then  pro- 
grcssini;  to  coniblned  environment  tests  on  the 
liniitcdnuml-cr  shown  to  lx;  of  Interest.  In  suno- 
laaty,  matcrtcis  investigations  have  as  their 
ytiid  tliv  colablishment  of  performance  limits 
and  the  securing  of  design  data.  Usefulness  of 
data  (l'’peiids  on  the  sound  application  of  the 
f;<  leiiUIic  meiiiod,  including  Uio  use  of  controls, 
adiquate  sample  size  and  sound  statistical  pro¬ 
cedure's.  In  Uio  development  phase,  e^lpment 
<  lassijications  given  In  relerencCB  /ll/  and 
,'12/,  discussed  below,  may  be  used. 

Sinrli'  Frivlrurimcnt  Tests 

As  previously  indicated,  the  decision  to  uti¬ 
lize  a  single  environment  test  must  be  based 
on  the  coiiclusion  tliat  erthcr:  (1)  the  selected 
( nviiiinnieiit  is  not  !iitera(:llr«  with  other  en- 
vu'innenis,  (2)  llie  interacllons  are  small 


enough  to  be  neglected,  or  (3)  the  single  en¬ 
vironment  test  Is  of  such  a  nature  (accelerated 
or  hurdle)  that  ItfumisheB  a  reliable  prediction 
of  the  equipment  performance  In  the  rai^e  of 
Interaction  that  may  be  encountered.  From 
these  criteria  4t  will  be  seen  that  the  primary 
usefulness  of  single  environmental  tests  is, 
first.  In  (^asos  covering  research  and  develop¬ 
ment  pilot  studies  of  materials  and  gross  equip¬ 
ment  performance,  and  second,  in  the  qualifica¬ 
tion  testing  stage,  In  which  the  equipment  dem¬ 
onstrates  Its  performance  capabilities  prior  to 
acr  jptance.  Because  of  the  paucity  of  knowledge, 
regarding  tlie  interacting  effects  of  acceloraled, 
or  hurdle,  tests  and  thnir  correlation  with  equip¬ 
ment  performance  in  the  normal  enviovnmeat, 
single  tests  are  most  frequently  chosen  Thcq  it 
Is  Intended  to  utilize  the  accelerated  stress  pp- 
proach.  Work  is  underway,  however,  U‘  devslop 
a  combined  envircoment  test  that  taay  be  useful 
as  a  hurdle-type  qualification  and  reliability 
teet.y  1^/ 

Single  environment  test  ^eciflcatlons  are 
available  In  the  ASTM  and  MIL  Standard  series 
of  publications  and  provide  criteria  for  both 
accelerated  and  normal  environmental  test  ap¬ 
proaches.  Single  tests  may  be  applied  to  Invest¬ 
igate  specific  properties  and  performance,  or 
may  be  utilized  for  all  cnvlrcirauenuj,  as  set 
forth  In  MIL-E-5272.  When  such  a  course  Is 
elected,  it  is  necessary  to  establish  the  test 
sequencefor  each  class  of  equipment;  hence,  as 
a  first  step,  a  suitable  classlllcation  must  be 
established,  and  secondlv.  the  sequence  and  its 
exceptions  must  be  established. 

Since  Indtvldual  single  tests  are  token  as  non- 
Interactlng,  and  since  the  sample  must  last 
through  as  many  test  procedures  as  possible. 
It  is  evident  th^  the  tests  be  arranged  so  that 
those  with  the  minimum  tendency  to  damage  or 
destroy  the  specimen  are  performed  first,  and 
those  with  the  greater  damage  potential  last. 
Damage  potentials  may  be  considered  tn  nc- 
rnrrt->Ty*i»mjti.  ♦}—  physlvii  mecpanisms  of  dam¬ 
age.  Tests  In  accordance  with  MIL-lS-5272  for 
am:raft  and  missile  equipment  and  MlL-E-4970 
for  ground  support  equipment  may  be  classlflod 
under  the  following  damage  groupings: 

MIL-E-5272  MlL-E-4570 

Temperature  and  Pressure  Effects 


High  temperature 
Low  temperature 
Temperature  shock 
Altitude 

Temperature-altitude 

Sunshine 

MIL-E-5272 


High  temperat  ire 
Low  temperature 
Low  pressure 
Sunshine 


MIL-E-4970 


Corrosion  Effects 


Immersion 

Rain 

Humidity 
Fungus 
Sait  Spray 
Sand  and  dust 


Rain 

Humidity 
Fungus 
Salt  Spray 
Sand  and  dust 


.■m 
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MIL-E-5272  ?.fIL-E-4970 

Mechaniral  Rffccta 

Afcoleratlon  Exj)l.oBloa 

Explosion  Shock. 

Shock  Vibration 

Vibration  Sand  and  dust 

Saj;u  and  dust 

It  will  be  noted  Uiat  eand  and  dust  appears  In 
two  categories  since  its  efiect  depends  on  the 
specific  type  of  equipment  and  the  materials 
used. 

Before  discussing  equipment  classiTlcatlon,  it 
mu.st  be  cmphaiv.lzed  that  the  design,  test  and 
enviror,  .ncnf  al  engineers  working  togetJier  have 
joL/ii  espocsibility  for  making  the  decision  best 
suited  to  their  specific  problem.  No  developed 
tlieory  or  body  of  information  presently  exists 
that  permits  decisions  to  be  made  on  a  prior 
basi.s, 

lieauence  Selection  for  Single  Environmental 
TeMs 

Two  type's  ot  classifications  are  most  readily 
implemented  in  developing  equipment  classi¬ 
fication  for  single  test  sequences;  (1)  func¬ 
tional  classification  (based  on  the  purpose  of 
tl>c  equipment),  and  (2)  operational  mode  clas- 
sU Ration  (based  on  the  means  by  which  the 
equipment  operates).  Functional  classification 
tail  liancuu  a  wide  variety  of  equipment,  but  re¬ 
quires  a  very  large  number  of  groups,  while 
oiicratlonal  classification  lea  is  to  groups  so 
general  that  there  is  little  specific  appllcabllily. 
A  coniposlt?  system  similar  In  most  respects 
lolhatusod  in  tlie  USAf  Environmental  Criteria 
Slide  Rule  ./1 3/  is  considered.  These  are  as 
follows: 

Ground  Support  Equipment 

1,  Electronic  and  to  mnauti  Scat  Ions  equipment. 

2,  Aircraft  and  missile  support  equipment. 

3,  Genorai  base-  eqnii^nieiit. 

Alrcrait  and  Guided  Missile  Equipment 

1.  Eilectronic  and  communications  equlproenU 

2.  Autopilot,  gyro  and  guldmicc  equipment. 

3.  PcTwtr  plant  accessoiies  and  auxiliary 

power  plants.  ” 

4.  Instruments  and  sensoru, 

3.  Armament, 

C.  Optical  and  photographic  equipment. 

7.  Liquid  and  liquid-actuated  equipment. 

8.  Gas  and  gas-actuated  equipment. 

9.  Electrical  equipment. 

10.  Mechanical  equipment. 

The  lollowiiig  assignment  rules  are  recoouu. 
mended; 

1.  The  primary  ciiolce  of  group  Is  based  oS 
fumtioii  (i.e.,  Ground  Support  Equipment  cate- 
guriefj  1  and  2,  and  Aircraft  and  MlsHlle  equip¬ 
ment  ( aici’.orlof.  l-fj).  WiUiln  Uic  functional. 


class,  electronics  takes  precedence  over  other 
considerations,  and  any  piece  of  equipment  that 
contains  an  electronic  circuit  is  tested  with  the 
electrunlcs  sequence. 

2.  If  t]>e  Item  tested  does  not  fall  into  one  o! 
the  functional  groups,  the  appropriate  oper¬ 
ational  mode  class  Is  used.  The  selection  of  the 
oiicratlonal  mode  class  Is  based  on  the  major 
mode  of  operation.  Thus,  a  given  Item  cf  equip¬ 
ment  Is  classified  as  mechanical,  or  liquid  and 
liquid-actuated,  or  gas  and  gas-actuated  ac¬ 
cording  to  the  major  item,  althougli  minor  ele¬ 
ments  may  fit  Into  the  other  groups.  The  docl- 
slon  is  based  cm  engineering  analysis  of  the  po¬ 
tential  effects  of  environmental  bounds  on  the 
equipment  function.  A  niore  extensive  sot  of 
d^initions  and  examples  le  given  (n  Appendix 


It  has  already  been  touted  Uiat  tlio  equipment 
classes  used  are,  of  necessity,  general,  and 
that  each  Item  of  equlpmctit.  must  be  conslaered 
on  Its  merlUi.  Furthei'Kiore,  theteBtswfuenccB 
have  been  devised  for  testing  »  single  or  small 
sample  through  Ihe  entire  test  series.  K  ad¬ 
ditional  test  samples  are  avallaWe.  testing  time 
may  be  reduced  performing  the  test  sequence 
In  parallel. 

The  test  sequence  recommended  for  grr'md 
support  equipment.  Is  sot  forth  In  Table 
and  ujat  for  aircraft  tuid  missile  eijvilpmcut  in 
Table  6-15. 

Combined  Environment  Teats 

The  concept  of  combined  environmental  iest- 
Ing  arises  from  the  realization  thi^t  caviroP- 
ments  do  not  occur  8lng,'.y,  and  that  in  a  signif¬ 
icant  portion  of  the  cases  they  Interact  to  pro¬ 
duce  results  that  may  not  Ih'  neglected.  This 
logic  serves  as  the  basis  for  a  test  program 
leading  to:  (1)  consideration  of  the  combination 
of  environments  tliat  must  bu  expected,  (2)  con- 
sldciatlon  of  the  probability  dlstrttHjtion  of  the 
Joint  occurrences  erf  such  combined  envlron- 
ujents,  aiid  (5)  ilio  ouIocUoa  of  those  envtron- 
menls  Uiat  Interact  or  combine  effects,  Tliis 
phUosophy  follow 8  directly  from  tlie  operational 
analysis  approach  discussed  In  Chapter  4. 

Combined  tests  tend  to  simulate  nature  better, 
but  single  environment  tests  pinpoint  the  cause 
of  degradation  of  materials  and  equipment,  thus 
providing  for  direct  remedial  action.  Accord¬ 
ingly,  combined  environment  tests  are  uselul  In 
evaluating  combined  effects  during  the  researdi 
and  development  pha.se  as  well  as  for  qualifica¬ 
tion  and  reliabUlty  testing. 

CombUicd  environmental  encounters  occur  at 
each  stage  of  the  life  history  erf  Uic  equipment. 
A  useful  approach  Is  to  distinguish  encounters 
connected  with  the  storage,  logistlc-lransjxirt- 
ation  and  maintenance  ptiase  on  tlie  one  hand, 
and  Uiosc  encountered  In  Ute  "use"  phase  of  Uie 
niirj.sion  on  the  oUier  hand.  This  conception 
Implies  that  the  natural  environment  dominates 


% 


Table  G-14,  Test  Se<|uenoeB  lor  Ground  Sup^iort  Ek|Lilpinei^ 


Tests  (per  MIL-E-4970) 

Communlcatlotis  and 
electronics 

Aircraft  and 
mlasile  support 

General  baae 

Temjiorature  and  Pressure 

ld:>\v  pr^^pure 

3 

1 

1 

High  temperature 

2 

2  . 

2 

Ijow  iemperaiure 

1 

3 

4 

SiiriBhlnc 

4 

•* 

3 

Corrosion 

. 

Hand  and  dust 

- 

- 

8 

Rain 

10 

4 

6 

Humidity 

11 

5  - 

7 

Fungus 

12 

« 

8 

Salt  spray 

13  _ 

7 

9 

Mrchaiu-i^l 

Sand  and  dust 

S 

8 

Explosion 

6 

9 

• 

Shock  (to  15  g's)* 

7 

10 

10 

Vibration 

8 

11 

11 

Shock  (over  15  g's)* 

9 

12 

12 

*  If  shook  testa  up  to  15  g's  can  be  run  on  the  seme  machine  and  with  the  aams  set  up  as  shock  tests  over 
15  g's,  all  shock  tests  should  be  run  consecutiveljr  in  order  of  Increasing  severity  as  the  last  tests  In  the 
meohanlcal  portion  of  the  8e<]uence. 


Table  6-15.  Test  Sequences  for  Aircraft  and  Missile  Equipment 


Tests  (p<.'r  M1L-E-5272C) 

Communications 
and  electronics 

8 

II 

u 

1 

fr 

^  'o. 

11 

.^S 

o 

& 

sl 

a 

s 

m 

fr 

3 

§ 

& 

a 

o 

-a 

II 

•a 

|l 

TertiDOictuif:  a  J  Pres  sure 

High  tcmj>i3rat.uru 

2 

1 

1 

1 

1 

1 

1 

1 

3 

1 

IjOW  tfni[)erat -ire 

1 

2 

2 

3 

2 

3 

3 

3 

1 

4 

T('in[xiraturo  r.  -ock 

S 

5 

3 

2 

4 

6 

5 

5 

5 

3 

Aitinuie 

a 

9 

4 

4 

3 

i 

Z 

2 

2 

2 

'I  cmp-rnture-al  I'v.de 

4 

4 

8 

5 

8 

4 

4 

4 

4 

6 

SunFhinn 

— 

6 

• 

• 

• 

- 

(,'orruslon 

SitniJ  and  ciusi 

- 

- 

6 

7 

9 

9 

11 

« 

* 

IiTimersl' o 

- 

- 

- 

8 

<- 

- 

- 

« 

- 

- 

Rain 

- 

- 

w 

- 

6 

6 

7 

7 

8 

Hu  mifjUy 

12 

6 

7 

9 

7 

6 

7 

8 

8 

7 

h'UtlipiH 

13 

7 

8 

10 

8 

7 

8 

9 

9 

8 

Salt  spray 

14 

8 

9 

11 

9 

8 

• 

10 

10 

9 

Mf  ch  mical 

Sand  and  flust 

6 

9 

- 

- 

10 

- 

10 

- 

10 

A'  (('Icr.ilion 

7 

10 

10 

12 

11 

10 

11 

12 

11 

11 

1  .\pK)!d(.»r. 

8 

11 

11 

13 

12 

11 

- 

12 

- 

ShrK'l.  (Id  If)  g’H)* 

9 

12 

12 

14 

13 

12 

12 

IS 

13 

12 

Viliraliijn 

’.0 

13 

13 

’5 

14 

13 

13 

14 

14 

13 

Sli'v  k  (over  15  g's)* 

11 

14 

14 

1.- 

15 

14 

14 

IS 

16 

14 

i  ‘  ‘ 


Uescrt  and  Stc-ppe 

Hi^h  temperature 
temperature 
Moisture 

Temperature-con  deoaatlon 
Sand  and  dust 
Sunshine 
Driven  snow 


Tropical 

Moisture 

Temperature-condeoPatlon 
Salt  spray 
Fun^s 
Sand  and  dust 


test  program  development  up  to  the  use  phase 
;  ml  at  tliat  point  those  characteristics  estab¬ 
lished  t.7  functioning  In  the  minslon  are  deter- 
nlned. 

Oiice  tlie  spectrum  of  combined  environmental 
encounters  Is  estalillshed,  It  Is  then  possible  to 
Le^ln  the  analysis  of  interaction  at  the  mater¬ 
ials,  parts,  components  and  subsystems  level  to 
determine  vhich  combined  environments  will 
mutually  Inhibit,  and  wUcli  may  be  neglected. 
This  procedure  permits  the  environmental  en- 
tilncer  to  converge  rapidly  on  a  recommonded 
program  wlUi  a  ip;antltatlve  Iri'iication  of  the 
tradfc-ofls  and  the  slmpUficatlor.*?  tliat  roust  be 
made  tn  tJie  Interest  of  utlllzL’ig  avallabl'J  facil¬ 
ities. 

Forequlrment  intended  ^oc  world-wide,  use.  It 
is  dciurable  to  consider  climates  on  the  basis 
of  the  encounter  of  *1)0  natural  environmental 
extremes  by  operal'  i.  al  tK^Inment  /ll/.  A 
basic  classification  .1  giv'n  in  Fig.  6-48,  which 
distingui.shes  ariion  -ho  foCowIug  use  areas: 


1. 

fee  c.m. 

2. 

ArctiL. 

3. 

MarlliPit, 

4. 

Coilb  Wl'i..il, 

5. 

Dcsei  t  :ina  steppe. 

c. 

T  ;vpnjal. 

-s- 

7. 

;-li('t'land. 

Levn-oiin  ofibil  extremes 

pertinent  to  each  lo- 

catfii  a.'C  as  follows: 

Icc_Cj^) 

Low  temperature 
Driven  smjw 
Wind.a 

A  jiU 

1  jOO/ 

Driven  snow 
Winds 

Ternper.-tu'^';-  condensation 

M.Tit  iiiic 

Moisture 

Suimliine 

lialt  fipray 

llij'.h  temperature 

T  emperature-  condensation 

1'  luifni.s 

Con;iMent^ 

Iligli  temperature 
T  .ow  temperature 
Moisture 
S^ind  and  dust 
DM  veil  snow 

1  (  niperplure-condensation 

I  U'v  'll.S 


The  em'lromnental  combinations  pertlncrt  to 
operations  in  the  troposphere  and  st.ratosphrre 
Include: 

Aerial 

High  temperature 
Low  temperature 
Temperature  -shock 
Temperature-condensation 
Altitude 
Ozone 
Vibration 
Acceleration 
Explosion 
Pressurization 

Data  regarding  combined  environments  for  the 
exospher^  space,  the  Mo<3n  and  planets  are , 
given  In  Chapter  2  of  this  handbook.  Such  data 
should  be  usod_ytlth  cajutton  since  they  contain 
a  considerable  speculative  element. 

Induced  environmental  enco  inters  may  be  con¬ 
sidered  under  the  headings  of  (ll  transportation 
and  handling,  (2)  storage,  and  (3)  operations. 

In  transportation  and  handling,  the  principal 
environments  encountered  Include  shock,  low 
temperature,  high  teinperaUu  e,  muieture,  tom- 
perature-condeneatlon,  and  possibly  sand  and 
dust  and  sunshine..  The  environment^  test  pro¬ 
cedure  must  be  selected  to  reflect  the  oper¬ 
ational  conditions  and  the  transportation  and 
handling  condteJous.  For  transpurtst|<,,i  ai-d 
handling,  tiie  tests  are  applied  to  the  packaged 
equipment. 

Similar  consideratians  apply  to  the  storage 
environment,  which  includes  high  temperature, 
low  temperature,  fungus,  ternperature-cunden- 
sation.  humiditv,  rain,  blowing  snow,  salt  spray, 
sunshine,  sancf  and  wst,  and  handling  shocks. 
The  nature  and  effectiveness  of  protection  af¬ 
forded  bv  the  storage  facility  establishes  the 
Intensity  levels  and  combinations  to  be  e^qiected. 

The  frequency  of  oicountors  mav  be  assessed 
by  a  step-by-step  ana^ls  of  the  life  history  of 
the  veapon  system.  For  manned  aircraft  and 
equipments  intended  for  repeated  use,  It  Is  ap¬ 
parent  that  environmental  encounters  In  the 


first  two  phases  of  Uie  mission  profile,  namely 
transpoi  talion  and  hajidUnj?  and  storage,  will  be 
repealed  less  frequently  than  those  In  tne  other 
phases.  Therefore  In  establishing  the  require¬ 
ments  for  the  environmental  test,  the  first  two 
phases  may  be  represented  by  a  single  series 
of  encounters,  whUe  the  rest  are  duplicated  by 
repeated  cycling  through  those  environments 
cncount-red  during  oporation. 

Figure  6-49  presents  a  distribution  of  the 
number  of  encounterc  by  typical  equipments  for 
u.se  overseas  from  the  point  of  manufacture  to 
tiie  point  of  use.  This  distribution  Is  Illustrative 
only  r-nd  gives  equal  weight  to  the  various  end- 
use  areas  and  means  of  transportation.  The 
■specific  weapon  system  must  be  analyzed  In  the 
light  of  the>icposed  deployment,  utilization  and 
stnictuic  of  use. 

Encounters  during  ground  standby  are  obvi¬ 
ously  a  function  of  the  location  as  modified  by 
local  measures.  Realistic  combinations  t^qilcal 
of  ground  standtty  In  each  climate  are  as  follow^: 

Ice  cap  and  Arctic  -65  F  (-54 C)  outside 

air  temperature  (OAT); 
plus  blowing  snow  at  15 
mph  ai^  higher  (4-liour 
duration). 

125  F  (52C)  OAT,  plus 
120  waits  per  squsire 
foot  (A  effect--  com¬ 
partment  temperature 
up  to  160  F  (71  C)— 4- 
hour  duration). 

75  to  95  F  (24  to  35  C) 
OAT,  plus  4  Inches  of 
rain  per  hour  (2-hour 
duration). 

75  to  95  F  (24  to  35  C) 
OAT,  plus  salt  spray 
(4-hour  duration). 


Desert 


Tropic 


100  F  (38  C)  OAT,  plus 
120  watts  per  square 
loot  (A  effect)  (4-hour 
duration). 

Continental  90  F  (32  C)  OAT,  plus 

120  watts  per  square 
loot  (A  ellect)  (4-bour 
duration). 

-  80  F  (27  C)  OAT,  plus 
sand  and  dust  (4-hour 
duration). 


Maritime 


95  F  (3d  C)  OAT,  plus 
12U  watts  per  square 
Icwt  (A  ellect)  (4-hour 
duration). 

75  to  90  F  (24  to  32  C) 
OAT,  plus  95%  relative 
humidity  (4 -hour  dura¬ 
tion). 

68  F  (20  C)  OAT  plus 
fog  (moisture)  (4-hour 
duration)." 

CO  F  (27  C)  OAT,  plus 
90%  relative  humidity 
(4-hour  duration), 

70  F  (21  C)  OAT,  plus 
salt  spray  (4-hour  du¬ 
ration), 

75  F  (24  C)  OAT,  plus 
rain  at  4  Inches  per 
hour  (2-liour  duration). 


95%  relative  humidity 
(4 -hour  duration). 

_  20  F  (-7  C)  OAT,  plus 
blowing  snow  40  mi^ 
and  hitler  (4-bour 
_  duration). 

The  mission  profile  encounters  are  also  de¬ 
termined  by  (^rational  analysis.  Typical  com¬ 
binations  /ll/  Indicative  of  the  factors  to  be 
considered  may  be  listed  lor  a  hypothetical 
cargo  aircraft  ancLa  missile  as  Ic^ows; 


fo  Aircraft  (Basic  Mission) 


Takeoff  and  climb  Standby  coDditlons  to 
vibration  (to  2000  cps), 

filus  1013  mb  to  572  mb 
at  15,000  feet),  plus  to 
10  F  (-12  C)  riun  air 
temperature. 


0-44 


( rulbc,  072  mb  to  376  mb  (at 

.i'lO  minute's  25,000  feet),  plus  500 

cps,  plus  -30  F  (-34  C) 
ram  air  temperature- 

Descent,  30  Cruise  condition  to  sea 

minutes  level  in  various  cli¬ 

mates,  plus  shock. 

Unload,  60  Standby  conditions  In 

minutes  various  xHmates. 

Take-off  and  climb,  Unload  conditions  to 
30  minutes  vibration  (to  2000  cps), 

plus  1013  mb  to  301  mb 
(at  30.000  feet),  plus  to 
-24F  (-31  C)  ram  air 
temperature. 

Final  cruise,  -30  F  (34  C)  ram  air 

400  minutes  temperature,  plus  239 

mb,  plus  500  cps. 

To  touclidown.  To  standby  conditions, 

30  minutes  plus  to  1013  mb,  plus 

to  500  cps,  plus  30  g’s 
for  0,012  second, 

NOTE 

Ground- standby  conditions  at 
take-off  and  at  touchdown  for  all 
long-range  aircraft  may  reflect 
a  change  from  one  climate  to  an- 
otlicr. 

Missile 

Launch  to  50,000  feet  in  150 

seconds,  acceleration 
(15  g’s  for  3  seconds), 
plus  160  F  (71  C)*,  plus 
1013  mb  to  116  mb, 
plus  2000  cps. 

Climb  50,000  to  80,000  feet  In 

10  seconds,  plus  160  F 
(71  f')*^  plus  116  mb  to 
27  mb.  plus  to  2000 
cps,  plus  ozone  (0.007 
to  0.029  cm  per  km  at 
65,000  feet),  plus  cos- 
tnic  radiation. 

85,000  feet  (22  mb), 
plus  leo  F  (71  C)*,  plus 
2000  cps. 

to  100,000  feet  (11  mb), 
phis  IGO  F  (71  C)*,  plus 
to  2000  cps,  plus  ozone. 

NOTE 

air  temperature  etferts 
iiusulated  and/or  refrigerated 
to  tliis  temperature. 

In  terminal  dive,  tiie  ml.«islle  is  a  true  ballis¬ 
tic  proji  clile  and  wartiead  lunclion  is  the  sole 
(  liticrd  consideration. 


The  definition  of  the  combined  environments 
to  be  encountered  la  logically  followed  by  r.  de¬ 
termination  of  the  Inioraction  environments; 
that  is,  those  envlrramenla  that  will  be  encoun- 

^  ttred  at  any  point  In  the  life  history  of  the 
weapon  system  and  which  Interact.  This  is  ap¬ 
proached  by  considering  the  effects  of  the  var- 
lous  environments  on  the  materials  and  parte 
determining  the  mechanism  of  damage  and 
Interaction, 

Standardization  of  Environmental  Testing 

—  The  standardization  of  envlronmenral  testing 
is  an  obvious,  but  frequently  neglected,  point  of 
scientific  method.  A  stand^dized  test  Is  a  test 

_ _  that  can  be  duplicated,  and  hence  verified.  The 

word  "duplication"  Implies  that  the  tests  shall 
be  reproducible  with  the  differences  in  i«hi  re¬ 
sults  dbe  only  to  random  causes  of  wrlaticn, 
which  must  be  small  In  comparison  will,  the 
results  measured.  /14, 15/ 

The  goal  of  standardized  testing  Is  not  neces- 
sarily  that  tests  and  test  procedures  be  uniform, 
but  rather  that  they  be  stsmdardlzed;  that  Is, 

-  that  it  sliall  be  possible  to  translate  Tie  results 
of  testa  performed  In  one  facility  according  to 
a  given  procedure  Into  a  prediction  of  results 
that  would  be  obtained  In  another  facility,  and 
that  both  of  these  be  accurate  predictors  of  re¬ 
sults  to  be  obtained  In  the  field. 

There  are  two  major  problems  Involved  in  the 
standardization  of  environmental  te»its.  Tlie 
first  Is  the  writing  cf  good  specifications  lor 
the  tests  that  must  be  carried  out.  These  spec¬ 
ifications  must  not  only  be  clear  and  detailed, 
but  they  must  specify  procedures  and  conditions 
that  are  attainable  In  the  test  laboratory.  The 
second  problem  Is  one  of  obtaining  compliance 
with  the  specification  op  the  part  of  the  agencies 
performing  the  tests. 

Environmental  Test  Sotylflcatlons.  The  prob- 
lem  of  obtaining  rood  environmental  test  speci¬ 
fications  Is  chiefly  one  of  clear,  unambiguous 
presentation.  Such  specifications  as  MIL-E- 
52'?2,  MIL-E-4970,  etc.,  should  be  regarded  as 
guide.?  to  the  writing  of  environmental  specill- 
cationa  rathe  ■  than  the  end  product  Uiemsclvcs. 
The  details  of  the  environmental  test  required 
for  any  item  should  be  written  Into  thtj  specifi¬ 
cations  for  that  Item,  with  hnL-E-5272  and 
MIL-E-4970  used  for  the  guidance  of  the  spec- 
ilication  writer,  rather  tlian  as  convenient  all- 
inclusive  autiiorltles  that  may  be  referenced  to 
save  the  specifications  writer  the  trouble  of 
detailing  the  tests  he  wants. 

In  order  for  the  specification  writer  to  per¬ 
form  his  task  adequately,  (1)  he  must  have  ac¬ 
cess  to  thorough,  b^lc  Information  on  environ¬ 
mental  testing,  (2)  he  must  be  familiar  with  the 
equipment  to  be  tested.  (3)  he  must  be  familiar 
with  the  test  equipment  that  will  be  required  to 
perform  the  environmental  tests,  (4)  he  must  be 
very  familiar  with  all  environmental  test  pro¬ 
cedures  required,  and  (5)  he  must  be  familiar 
with  aU  environmental  effects. 


Ii.itial  cruise 


Fin;il  crdisc, 
5  nmiuifs 


l-«,  ’.L  ’H*- 

**  J#P“ . 


!n  order  to  InBure  uniform  duplication  of  r9- 
sultfi,  it  ia  generally  advisable  for  the  apeclfi- 
ration  writer  to  discuss  the  desired  stqaencing 
of  tests  in  the  specif leatlon.  If  his  previous  ex¬ 
perience  indicates  that  a  specific  sequence  of 
tests  is  desirable,  he  should  specify  such  a  se¬ 
quence.  If  he  feels  that  only  one  or  two  test* 
should  be  doe  e  in  a  specific  sequence,  with  the 
re;*;n!ndcr  of  the  ocquenclng  optional,  he  should 
so  state.  Kven  If  it  l3  felt  that  no  qiecific  se¬ 
quence  should  be  required,  a  comment  to  this 
effect  should  be  made  in  the  specification.  It  is 
only  in  tills  manner  that  the  test  engineer  will 
be  provided  with  the  guidance  that  will  allow 
him  to  conduct  a  properly  designed  enrlron- 
nicntal  test  program. 


Shoulvl  the  epcclflcatlon  writer  desire  com- 
Lu...d  environment  testing,  he  must  spell  out  In 
great  detail  exactly  how  the  tests  shall  be  co.i- 
ductei  what  types  of  equipment  shall  be  used, 
what  the  limits  or  conditions  shall  be,  and  how 
tlie  tests  shall  be  interpreted.  In  any  case, 
whether  combined  environment  testing  or  single 
environment  testing  is  used,  standards  for  the 
interpretation  of  test  results  must  be  supplied 
in  order  to  allow  the  test  engineer  to  determine 
■whetlicr  hie  equipment  passes  or  falls  the  test. 


An  Air  Force  sponsored  study  of  the  uniform 
duplication  of  environmental  test  results  /16/ 

llitct  iilAWC  UiV  A  n  t  4  **»««• 

respect  to  specifications  for  environmental 
testing: 


1.  The  detailed  equipment  specifications 
should  specify  the  number  of  equipments  that 
must  lx:  subjected  to  the  test  program,  the  test 
sequence  for  accommodation  of  each  test  item, 
ana  tlie  applicable  procedure  for  each  test. 


2.  The  detailed  equipment  specification  should 
pecifv  th.  physical  and  electrical  measure- 


specify  th.  physical  and  electrical  measure¬ 
ment  (including  detailed  test  procedures  for  ac-' 
compiishlng  them  when  applicable)  to  be  per¬ 
formed  initially,  during,  and/or  after  environ¬ 
mental  exposure.  Included  also  sliould  be  thd’ 
req\iirement6  that  will  insure  satisfactory  per¬ 
formance  of  Uie  test  equipment. 


3.  The  detailed  equipment  specification  should 
specify  any  modification  of  test  or  requirement 
of  the  general  specification,  particularly  with re-^ 
gard  10  ter*,  period,  duration,  severity  of  en- 
vironm^n'-J  exposure,  environmental  and  lner_ 
trumcntatlon  tolerances,  standard  test  condi¬ 
tions,  etc. 


4.  The  detailed  equipment  specification  should 
specify  in  detail  any  special  considerations  due 
to ttu;  particular  test  equipment,  such  as  mount¬ 
ing  mcUiod,  orientation,  etc. 


Cfiin|)liancc'with  Test  Specifications.  Obtaining 
compliance  w'llli  all  the  requirements  G<  the 
speciiication  is  a  problem  of  educating  the 
ai'.ency  doing  tlie  testing,  and  insuring  that  ade- 
q'late  test  equipment  and  test  facilities  are 
availalile,  Tlic  reliance  on  Uie  presence  of  a 


government  Inspector  at  the  test  agency  is  not 
enough  to  insure  complete  compliance  on  the 
put  of  the  organization  doing  the  testing.  No 
matter  how  much  detail  Is  written  into  an  en¬ 


vironmental  specification  it  is  difficult  to  ob¬ 
tain  consistent  interpretation  on  the  part  of  many 
Inspectors. 


The  key  to  the  operation  ot  a  successful  test 
program  is  the  education  of  the  test  engineer. 
He  must  understand  completely  the  operation 
and  characteristics  o<  the  equipment  he  Is  test¬ 
ing,  as  well  as  the  tests  that  are  to  be  per¬ 
formed  and  the  test  equipment  that  Is  to  be 
used.  In  this  respect,  reference  /l6/  draws 
the  following  conclusions: 


1.  In  general,  to  Insure  the  uniformity  oL  en- 
vironmenial  test  conditions,  ccnslderation  must 
be  given  to  the  following: 


a.  All  test  parameters  must  be  controlled 
to  the  extent  that,  within  the  range  of  test  toler¬ 
ances,  the  test  conditions  do  not  permit  varia¬ 
tions  in  test  results.  , 


b.  All  other  environmental  parameters,  not 
just  those  under  test,  that  could  Influence  the 
results  of  the  test  must  be  specified  and  con¬ 
trolled  to  whatever  extent  Is  necessary  to  pre¬ 
vent  variations  In  results. 


■iu 


c.  The  environmental  test  must  be  clearly 
specified  in  such  a  manner  as  to  preclude  var¬ 
iations  in  interpretation  by  the  test  engineers. 


d.  All  chambers  and  associated  instruments 
must  be  capable  of  controlling  the  environments 
in  the  manner  specified  and  within  the  accuracy 
required. 
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e.  The  personnel  performing  the  tests  must 
be  sufficiently  trained  and  capable  of  performing 
the  test  in  the  specified  manner. 


2.  In  general,  to  insure  uniformity  and  re- 
latability  of  environmental  test  results,  con- 


peatabllUy  of  environmental  test  results,  con¬ 
sideration  must  be  given  to: 
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a..  The  operation  and  electrical  testa  (or 
other  types  of  tests)  to  be  performed  on  the 
equipment  must  be  clearly  specified,  including 
the  required  measurement  accuraclca. 
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b.  The  applicable  environmental  tests,  con¬ 
ditions  of  tests,  sequence  of  tests  and  number  of 
equipments  to  be  tested  must  be  clearly  aneclf  led, 
with  proper  emp'..a8lB  on  any  modification  or 
special  conBlderaUon  not  covered  in  the  general 
specification. 


I' 
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c.  The  tests  must  be  performed  In  a  careful 
and  precise  manner,  with  attention  given  to  the 
imiions  of  the  test  coui 


llmiCationsof  the  test  equipment  and  instrument- 
alion.  All  data  must  be  recorded  and  reported 
accurately  and  legibly  to  preclude  any  possible 
variation  in  test  results. 
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In  order  to  achieve  uniformity  in  environ¬ 
mental  test  results,  standards  for  environ¬ 
mental  test  chambers  must  be  set  up  in  a  clear 
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and  unaniburuous  manner  and  must  be  enforced. 
The  Air  f  orce  study  of  environmental  test  du- 
jillcation  /16/  Indicates  that  a  wide  variety  of 
cham'.'ers  are  In  use.  Those  vary  so  widely  in 
dcti4'ii,  construction  details  and  methods  of 
operation  that  obtaining  compliance  with  spec¬ 
ifications  Is  often  difficult,  if  not  Imposelbla. 

There  are  two  ways  to  insure  duplicable  en¬ 
vironmental  results.  One  Is  to  develop  detailed 
specifications  for  standardlr.od  test  facilities 


and  test  procedures  for  vsu'lous  categories  of 
etpilpment,  andthe  other  Is  to  police  test  organ¬ 
isations  to  assure  that  iostlng  la  accomplished 
in  adequate  faculties  using  satisfactory  test 
procedures.  Probably  the  best  method  is  one 
where  the  best  In  ^leclllcattona  are  developed 
both  for  test  procedures  and  faculties,  and 
where  a  spot  check  infection  is  made  of  testing 
accomplished.  The  Inotectlcm  action  would  be 
most  effective  if  carried  out  by  the  envlron- 
menta’  test  Industry  Itself. 
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i  APFENWIK  A 


EQUJPMEHT  CLA^  DEFWnONS  AND  EXAMPLES 


1,  GROUND  SUPPORT  EQUIPMENT,  ELEC- 
TROmC  AND  COMMUNICATiONS 

Commuiucations  and  eloctxonlc  equiptuscl  of 
all  types.  Class  Incl'jdes  all  oquiprrMot  with 
electronic  circuits  as  components, 

1.  Ground  radio  equipment. 

2.  Ground  radar  equipment. 

3.  Electronic  test  equipment. 

4.  Wired  communications  equipment, 

a.  Telephone. 

b.  rclepraph. 

c.  Teletype. 

d.  Facsimile. 

e.  Wired  audio,  Including  public  addreus^ 
motion  picture  souna  systems,  souna 
recorders,  and  reproducers,  etc, 

5.  Electronic  computers.  _ 

C.  Electronic  office  machines. 


2.  GROUND  SUPPORT  EQUIPMENT,  AIR¬ 
CRAFT  AND  MISSILE  SUPPORT 

Eqiilivment  used  outdoors  airfields  and 
rr.lssUe  launching  pads  for  servicing,  mainte¬ 
nance,  cliCfkou  ,  8\ipj)0rt,  etc.  Electronic  equip¬ 
ment  Is  not  Included. 

1.  Air  conditioning,  lieating  and  ventilating 
equipment, 

k,  '1  cst  and  checkout  equipment  (except  elec¬ 
tronic). 

3.  Crash,  fire  and  otiier  emergency  equip¬ 
ment. 

4.  1  lectrlcal  support  equipment. 

5.  Fuel  and  oil  handling  equipment. 

6.  Maintenance  equipment. 

7.  Materials  nandllng  equipment. 

8.  Pnciiniaiic  support  equipment. 

iJ.  Airfield  lighting  equipment. 


3.  GRO'JND  SUPPORT  EQUIPMENT,  CENE- 

ItAL  RASE 

All  (’.round  support  equipment  not  Included  In 
eleclronicB  and  communications  or  aircraft  and 
missile  supjrort  classes. 

1.  Office  equipment  (except  electronic). 

2.  Printing  and  reproducing  equipment. 


S.  Commercial-type  eJectrlcal  equipment. 

4.  Ah'  ccndltloni^  and  refrigeration  equip¬ 
ment, 

5.  Heating  and  veoUlatlng  eqiulpment, 

6.  Plumbing  ft<3utpmenl. 

7.  Laboratory  apnai-atuB  and  equipment., 

8.  Meteorologicat  oqulpmesjt. 

9.  Photographic  and  ojAscal  equipment. 

10.  £ihop  mtritlnery  and  maintesxance  equlp- 
nient. 

11.  Timsxeeplng  «quipmont. 

12.  Construction  equipment, 

IS.  Vehicular  equipment, 

14.  Materials  hanging  t;qiiiipment  (not  ttight- 
Uue). 


4.  AIRCRAl'T  A.ND  MBSSILE  EQUIPMENT, 
ELECTRONIC  AND  COMMUNICATIONS 

AU  alrbome  and  mlsRtle-bome  electronic  and 
communications  equipment.  Class  Includes  all 
'^equipment  containing  electronic  circuits. 

_  1.  Facsimile  e^lpmont, 

2.  Sound  recurtung  ewipment. 

3.  Visible  and  invinllue  light  communications 
equipment, 

4.  Radio  and  telerislon  receivers  and  trans- 
initters. 

_  5.  Radar  equipment,. 

7.  Communications  equipment  accessories. 

...  8.  Electronic  computers. 

9.  Telemetering  equipment  (airborne  poat- 
tions). 

^  10.  ECM  equipment. 


AIRCRAIT  AND  MISSILE  EQUIPMENT, 
AUTOPILOT,  GYRO  AND  GUIDANCE 

AutopUtAs  and  gyro  systenis,  missile  guidance 
and  control  equipment,  and  essenUal  accessories, 
except  electronic  equipment. 

1,  Control  assemblies. 

—  2.  Pressure  gages. 

3.  Pressure  rcgtilators. 

_  4.  Servos, 

5.  Hydraulic  aumps. 

6.  Speed  control  valves. 
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7.  Hydraulic  regulators. 

8.  Solenoids. 

9.  Gyroscopes, 

IG.  Navigation  equipment. 

a.  Aetral. 

b.  tnertial. 

c.  infrared  homing, 

d.  Railar  conlroUed. 


6  AIT'CRAFT  AND  MISSILE  EQUIPMENT, 
POWER  PLANT  ACCESSORIES  AND  AUXIL¬ 
IARY  POWER  PLANTS 


All  aircraft  and  mlBsUe  power  plant  acces- 
eorlcT  auxUiaiy  power  plants.  Doua  not 
include  primary  i>ower  plant. 

1.  Auxiliary  pon'er  plants. 

2.  Boosters  and  taKeoff  assist  units. 

3.  Ignition  and  electrical  components, 

4.  Propeller  components. 

5.  Aircraft  engine  accessories. 

a.  Carburetors. 

b.  Fuel  injection  pumps. 

c.  Regulator  afisembllea, 

d.  Valve  asoemblles. 

e.  Engine  controls, 
r.  Starters. 

g.  Air  inUike  filters, 

C,  MIpsUc  power  plant  accessories. 

a.  Engine  controls, 

b.  Electrical  components, 

(ll  Generators. 

(2)  Ignition  systems, 

(31  Primer  assemblies. 

(4)  Regulators, 

c.  Govei  .or  assemblies. 

d.  Pump  assemblies, 

e.  Fuel  regulator  assemblies, 

f.  .Starters. 

g.  Valve  assenibllos. 


7.  AlRCPaFT  AND  MISSILE  EQUIPMENT, 
ENSTRUMENTS  AND  SENSORS 

Instruments,  Indicators  and  electric  meters; 
pcnslnr,  ur.Ur  and  signal  assemblies  that  trans¬ 
mit  information  to  other  units.  Electronic 
equipment  Is  not  iticiuded, 

1.  Power  plant. 

a,  Fuel  and  oil  pressure  signal  assemblies. 

b,  Tacliometersand  Ilexlblo  shaft  adapters, 

c.  Gage  units. 

d.  Engine  Instrurncrit  transmitters, 
c.  Signal  assemblies. 

2,  Flight  Instruments. 

a.  At 'icleromctcrs. 

b.  Alilnicicrs  (ext  cpt  electronic). 

c.  1-uad  adjuster  coinpulere, 

A-2 


d, 

e, 
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1. 
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Signal  assomblles. 

Gages. 

Pitot-static  tubes. 
Indicators. 

Venturi  tubes. 

Warning  signal  assemblies. 
Inclinometers. 
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3,  Kavtgatton  Instruments, 

s.  Compass  caging  units. 

b.  Chronometers  and  clocics. 

c.  Compasses. 

d.  Navigational  and  guidance  system  com  ¬ 
puters  (except  electronic). 

e.  unftmetors. 

t.  Navigation  instrument  transmlttarr. 
g.  Sextt^s. 

4.  Electrical  meters.  -  ’ 
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8.  AIRCRAFT  AMD  GUIDED  MISSILE  EQUIP- 
MENT,  ARMAMENT 

All  aircraft  gun,  bombing,  and  rocket  equip¬ 
ment,  plus  accessories  and  parts:  guided  mia- 
Mlle  warheads  and  accessories.  Doos  not  in¬ 
clude  automatic  flight  control  equipment  and 
electronic  components. 

1.  Mechanical  equlpmenL 

a.  Gun  adapters. 

b.  Bombslgbts.  -  . 

c.  Gun  charges. 

d.  Aircraft  gunn. 

e.  Gun  and  bombsl^  mounts. 

f.  Bomb,  rocket,  flare  and  torpedo  racks. 

g.  Bomb  shackles. 
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2,  Electrical  equipment. 

a.  Gun  charges. 

b.  Gun  beaters. 

c.  Bomb,  gun  and  rocket  solenoids. 

d.  Bombl^,  na^ati(»al  and  fixed  fire 
coniroi  cennputers  (except  electrenic). 

e.  IntervalomeUrs. 

f.  Servos. 

g.  Solenoids,  turret. 

3.  Warhead  equipment  and  accessories. 

a.  Arming  devices. 

b.  Fuses  and  initiators, 

c.  6  "*1617  devlcQs. 

d.  Self-deati-ucUon  units. 


9.  AIRCRAFT  AND  MISSILE  EQUIPMENT, 
OPTICAL  AND  PHOTOGRAPHIC 

All  airborne  and  mlssile-bome  still  and  mo¬ 
tion  picture  camera  and  other  optical  equipment 
notpartof  i^clflc  functional  equipment  in  other 
classes. 

1.  Camurns.  ' 

2.  Mechanical  camera  accessories. 
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3.  Electrical  camera  acceseorles. 

4,  Other  optical  devices  and  accessories. 

10.  AIRCRAFT  AND  MISSILE  EQUIPMENT, 
LIQUID  AND  LIQUID  ACTUATED 

Liquid-carrying  or  hydraullc-actuated  equip¬ 
ment  that  cannot  readily  be  placed  in  one  ol  the 
lunciloiial  categories.  Il  system  has  both  major 
electrical  and  liquid  components,  it  should  be 
classed  with  electrical  systems. 

1.  Hydraulic  struts  and  actuating  cylbiders, 

2.  Hydraulic  brakes. 

3.  Accumu-'itors. 

4.  Aitci  ccxdet  n.  _ 

5.  Compre jfc;-ra. 
fi.  Coolers. 

7.  Dchydi-ators.  - 

8.  Filters  and  strainers. 

9.  Fire  extinguishers  (llquid~IU.led). 

10.  In-Ilight  rcluellng  equipment. 

n.  Pumps. 

12.  Coolant  radiators. 

13.  Valves.  ^ 

14.  Windshield  wipers  {hydraulic). 

15.  Vents. 

11.  AIRCRAFT  AND  mISSU^E  EQUiPMfcjS'T, 
GAS  AND  GAS  ACTUATED 


Gas-carrying  or  gas-actuated  equipment  that 
cannot  fw  placed  In  one  of  the  functional  catego¬ 
ries.  Electro-pneumatic  systems  should  be 
classed  wlUi  electrical  systems. 


1.  Accomulalf>’’6. 

2.  Oxygen  breatlitng  equipment. 

3.  Canopy  removers,  explosive. 

4.  Compressors. 

5.  Pneumatic  actuating  cylinders. 

x/a  •  j  vt.a  '.  t.  *1^  a  u  a 

7.  Ejection  seats,  propellant  actuated, 

8.  Fire  lighting  equipment  (gas  type). 

9.  Pum'js. 

10.  Gas  pressure  regulators. 

11.  Vaivc.s. 

12.  Projjcllant  actuated  gulUotine. 


12.  AIRCRAFT  AND  MISSILE  EQUIPMENT, 
ELECTRICAL 

Electrical  (b«d  not  ^ectronlc)  emlpmeni.  in 
idrcraft  amd  miselles.  Includes  all  electro- 
hydraulic,  electro-pneumatic  and  electro -me- 
CDr*Tlcal  equipment  that  cannot  be  placed  In  one 
of  ne  functional  clasailtcatlons, 

1.  Actuators  (linear,  rotary,  switch). 

2.  Phase  adapters. 

3.  Alarm  devices. 

4.  Alternators. 

5.  Junction  boxes, 

6.  Booster  coils. 

7.  Generators. 

—  8.  Electric  heaters, 

0.  Invertors. 

10.  Light  assemblies. 

'-11.  Electric  motors. 

12.  Electric  control  panels. 

_^13.  ElectrlcrJl  fi;ra  fighting  and  detecting  sys¬ 
tem  parts. 

14.  Voltage  regulators. 

_15.  Screw  Jacks.  _ 

16.  Timers. 

17.  Induction  vibrators. 

.„18,  Food  warmers, 

10.  Electric  wlndohleld  wipers.  ^ 

2u,  External  power  receptacles. 

_21,  Power  convertors. 


-43.  AIRCRAFT  AND  MISSILE  EQUIPMENT, 
MECHANICAL 

_ Alrcralt  and  mlsa lie  equipment  that  has  only 

mechanlcal-oporuUng  pfuris. 

-  1.  Glider  towing  and  pick-up  assemblloB. 

2.  Controls  (manual). 

3.  Gear  boxes, 

"  4,  Cargo  tie-down  equipment. 

5.  Cargo  hoists. 

-  -  A  - — 

7.  Seat  assemblies, 

-  8.  Bearings. 

9.  Jettisoning  equipment. 

10.  Paiacbute  recovery  equipment, 

11.  Pulleys. 

12.  Universal  Joints. 
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APPENDS  B 
units  and  TEElMS 


Unit  cr  term 
'\hoorptl'"tty 


Acceleration 
due  to  gravity 
(Eailh) 


Symlx)! 


Albedo 


Angitiom 


Aphelion 


Apogee 


AntronomU  al 
unit 


Atomic  num¬ 
ber 


Dinsociated 

atom 


P^fMilUon^ 

equlvalentfl 

Ratio  al  abeorbed  ra¬ 
diant  energy  to  Inci¬ 
dent  radiant  energy. 

980.665  cm/aec^; 
32.17  ft/fiec2  (sen 
level  value  at  45.544 
latitude). 


Ratio  of  reflected 
light  to  Incident  sun¬ 
light. 

A  or  A  10'®  cm;  3.94  x  lO”® 


Point  Qi  planet’s  (or 
comet’s)  orbit  roost 
distant  from  Sun. 

Point  at  satellite’s 
orbit  most  distant 
from  Earth. 

Mean  distance  from 
Earth  to  Son:  149.8  x 
IQb  km;  92.9  x  10® 
ml. 

Number  of  protoos  in 
nucleous  of  atom 
(thus,  also  number  at 
electrons). 

10®  dynes/cm^;  14.50 
psl;  750.06  mm  of  Hg. 

Free  atom  that  sep¬ 
arated  from  molecu¬ 
lar  combination  by 
absorption  of  energy. 

Force  required  to  ac¬ 
celerate  a  one-gram 
mass  1  cm/sjc^;  1 
gin  -  cm/sec";  2,248 
X  tO'®  lbs  -  force. 


Unit  or  term 
JBcUptic 


Electron 

volt 


PeflampBipr 

Symbol  equivalents 

Apparent  path,  or 
great  circle  on  celes¬ 
tial  sphere,  o!  dm  Sun  • 
as  seen  from  Eardi. 
Plane  of  Earth’s  orbit 
la  coincident  with 
ecliptic  plane. 

ev  Kinetic  energy  of 

particle  of  electronic 
charge  when  particle 

.  .  hnn  fallen f roe  through 

potential  drop  of  1 
olt:  1.602x10-12 
•  rog*  1.602  S  10"1® 

ioulee;  l.M  X  10''*2 

Btuu 
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Electrostatic 

unit 

•au  Charge  of  electron; 

1.603  X  10-l»  cou¬ 
lomb. 

■'■SI4 

'm'-- ' 

Emlsstvlty 

s  Ratio  of  radiant  omit¬ 

tance  of  an  actual  body 
to  radiant  emlttance 
of  black  body  at  same 
temperature. 

■  r 

4  -sit: 

^  '  T: 

Erg 

1  dyne  -  cm;  7.368  x 

10-8  loot-lbs;  10-/ 

Joules. 

Gamma 

10-5  gauss;  10"® 
oersted. 

‘K 

■  .  ,..1 
,1.4- 

’  r  <■  irtV  .. 

V  ^  m  'r' 

Gauss 

1  magnetic  force  line 
/cm*;  1  maxwell/cm*; 
6.452  llaes/ln*. 

Geopotontlal 

altitudes 

Height  (km,  ft,  etc.)  of 
altitude  expressed  in 
equal  Increments  of 
potential  energy  based 
on  sea  level  value. 
Bucomes  numorlcdly 
smaller  than  geomet¬ 
ric  (standard)  altitude 
with  increasing  height. 
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Joule 

Kelvin^  degrees  K 

Light  year 
Lumet! 

Mass  number  > 


Mean  free 
path 


Micron 


Millibar 


Normal  tem¬ 
perature  and 
pressure 


NTP 
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Unit  or  term  Symbol 
Gram  calorie 

Ionized  atom 


De«nm 

eoulva 


MFP 


on  or 
equlvaienta 

4.16  Joules;  4.18  x 
10  ergs. 

A  neutral  atom  that  has 
lost  or  gained  one  or 
more  electrons  by  the 
absorption  of  energy, 
and  thus  becomes 
charged. 

1  watt-sec:  lo"^  ergs; 
9.48  X  10-4  Btu. 

Absolute  temperature 
scale;  aero  K  equals 
-273,16  C  or  -459.69 

F. 

Approx.  9.5  X  10^* 
km;  5.9  x  IC’2  mU 

Radiant  power  evalu¬ 
ated  In  terms  ot  eye’s 
response;  1  lumena 
1/C80  watt  at  0.554 
micron. 

Total  number  of  pro¬ 
tons  and  neutrons  in 
nucleus  gives  approx, 
measure  of  nuclear 
mass. 

Average  distance  trav¬ 
eled  by  atom  or  mole¬ 
cule  between  two  coo- 
seajtive  coUistons 
wltli  atoms  or  mole¬ 
cules. 

10^  angstroms:  10”^ 
cm;  3.94  x  10-“ Inches. 

10^  dynes/cm^; 

0.0145  psl.  ^ 

-O  C  and  760  mm  of 

Hg. 


:  Unit  or  term 

Number 

density 


Perigee 

Perihelion 


Symbol 
'  n 


♦  »j  i*f  ,  -r.  r 


Dellnition  or 
equlval^ts 

Number  of  particles 
(atoms,  electrons, 
etc.)  per  cubic 
centimeter. 

Point  of  satellite’s 
orbit  closest  to  Earth. 

Point  of  planet’s  (or 
comet’s)  orbit  clorest 
to  Sim. 


Planck’s 

ccostaot 


Radiant 

emittance 


-27 


-sec; 


Radiant  power  P 
(nux) 

Reflectivity  ’ 


Solar  constant  at 
1  aatroDOmlcal 
unit 


Standard  tern-  8TP 

perature  and  .  , , 

pressure 

Universal 

gravitational 

CuaStaiii 

Velocity  of  _  c 

light  (in  vacuum) 

Weber 


8.624  X  10  erg-B< 

6.624  X  1Q'34  ;j,ae- 

BCC. 

Radiant  power  per 
unit  area  emitted  trom 
asnrface  (watts/cm^). 

Rate  of  transfer  of  ra¬ 
diant  energy  (watta). 

Ratio  of  reflected 
energy  to  Incident 
energy. 

1400  wqtts/no®;  2.00 
cal/cm2  -  min;  130  _ 
watts/ft2;  443  Btu/ft^- 
hr. 

-15  C  and  760  mm  of 
Hg.  . 

6.67  X  KT®  (lyno  - 
cm2/gm2. 

2.9977  X  10^®  cm/sec; 
166,278  mlles/sec. 

10®  maxwells;'!  volt  - 
sec. 
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Acceleration,  3-11 
effects,  3-17 
on  humans,  3-50 
te'^tjnt;,  6-24 
Accelerometers,  6-6 
Acoustics  (see  also  Noise),  3-11 
effects,  3-17 

Actuators,  hydraulic  and  pneumatic,  temper¬ 
ature  elfects,  3-7 
Aerodynamic,  environments,  2-27 
heating,  2-35,  3-2  _ 

analysis,  4-9 
vs.  shape,  2-36 
vehicles,  hypersonic,  2-28- 
Aeronautical  equipment,  testing,  1-4 
AF,  environmental  programs,  1-9 
philosophy,  1-9 
Tolley  documents,  4-2 
Spccilication  41065,  1-6 
Air  (sec  also  Atmosphere)  ’ 
damping,  5-41 

flow,  tciTipbrature  control,  5-12 
pressure,  3-25 

effect  on  heat  removal,  3-26 
effect  on  lubricants,  3-25 
temperature,  2-9 
ambient,  3-2 

trar.'  i  ortaf 'on  data,  shock  andvlbratlon,  3-12 
Aircraft,  Jet  noise,  3-14 
manned,  2-27 
temperature  effects,  3-8 
skin  vibration,  3-16 
turbojet,  shock  and  vibration,  3-13 
Alpha  particles,  5-74 
Altitude,  simulation,  6-17 
vs.  atmospheric  density,  2-8 
vs.  atmospheric  density  vs.  climate,  2-9 
vs.  atmospheric  pressure,  2-8 
vs.  heat  absorption  of  air,  3-8 
vs.  pressure  vs.  climate,  2-11 
vs.  stagnation  temperature,  3-10 
vs.  temperature,  2-13 
winds,  2- 14 
Aluminum,  5-3 

Ambient  air  temperature,  3-2 
Analysts,  environmental,  4-1,  4-6 
noise.  4-11 
operations,  4-  1,  4-12 
.solar  heat,  4-10 
te.sts,  4-7 
V  ilir.'iliim,  4-10 
wave  propagation,  4-12 


Analyzer,  dynaiuic,  1-8 
Antennas,  corrosion  protect.' .*1  ^  ?  '64 
Antl-iclng  and  deicing,  5-67  .  :.r 

Arcover,  3-26 
prevention,  S-68 
ARDC  handbooks,  4-5 
ABOC  Model  Atmosphere,  4-2 
Asteroid  belt,  2-'35 
Asteroids,  2-1 

_  Atmosphere,  ARDC  Model,  4-2 
""  cllmatl?.  2-13' 

communications  Interference,  3-41 
density,  2-7 

density  vs.  altitude,  2-8 
density  vs.  altitude  vs.  climate,  2-0 
^  Earth,  2-4  - 

electricity,  8-27 
protectwn,  S-70 

—  explosive,  3-28 

combined  effects,  3-48  \ 

testing,  6-21 

—  *  iwt  and  cold,  1-7 

ionization,  3-20 
llgiitnlng,  2-5 
Mars,  2-22  ^  - 
Mercury,  2-20 
Moon,  2-10 
pollution,  3-24- 
potentlal  gradient,  2-7 
pressure,  2-8 
combined  effects,  3-48 
protection,  6-67 
_  vs.  altitude,  2-8 

vs.  altitude  vs.  climate,  2-11 
solar  imensity  qistribution,  2-4 
~  Sun,  2-3 

temperature,  2-0 
extremes.  2-11 
control  of  vehicle,  5-12 
Venus,  2-21 

Axial-flow  fane,  blowers.  5- 16 


B 

Ballistic  missiles,  2-30 
reentry  trajectory  and  temperature,  3-10 
Batteries,  corrosion  protection,  5-54 
Bends,  sheet  metal,  5-38 
Beryllium,  5-5 
Beta  partlcler-,  5-74 
Bleed  air  cooling  system,  5-22 
Blower,  cooling  systems,  5-23 
centrifugal,  5-17 


ni()W<3r  (cont.) 

corrosion  protection,  5-55 
P-onibers,  Jet,  vibration 'data,  3-69 
Bonding,  5-66 
Boundary  layer  noise,  4-11 


C 

Cablno-t  and  frame  damage,  3-18 
Cables,  corrosion  protection,  6-64 
Canal  Zone  tests,  1-3 
Capacitors,  corrosion  protection,  8-64 

moisture  effects,  3-21  ^ 

mounting,  5-35 
radiation  effects,  3-37 
shock  and  vibration,  6-28 
temperature  effects,  3-5,  5-7  _ 

Captive  (static)  tests,  6-14 
Cathode-ray  tube  damage,  3-18 
Centrifugal  blowers,  5-17 
Ceramic  encapsulants,  5-3 
Ceres,  2-2 

Chambers,  environmental,  6-16 
Chassis  and  racks,  corrosion  protection,  8-64 
Chassis  damage,  3-18 
Chemical  effects  on  materials  due  to 
temperature,  3-3 

Circuit  breakers,  temperature  effects,  3-8 
Cislunar  space,  2-32 
Ciimalu,  vs.  altitude  VS,  atuiOSphicilc 
density,  2-9 

vs.  altitude  vs.  pressure,  2-11 
extremes,  Mtti-STD-210A,  4-5 
Climatic  atmospheres,  2-13 
Coatings,  effect  of  nuclear  radiation,  3-32 
protective,  fungus-proof,  5-60 
Coefficient  of  expansion,  3-3,  5-7 
Coils,  corrosion  protecUon,  "-54 
Cold  apU  hot  atmospheres,  i-7 
Cold  weather  testing,  1-2 
Combined  environments,  3-42 
effect'-  3-47 
hyper,  1-9 
inc'uc«^,  3-45 
n^tursl,  3“42 
natural  god  Induced,  3-45 
testing,  1-7,  6-13,  6-24 
vs.  single  environment  tests,  6-39 
Comc-a,  2-2 

Ccmniunlcations  Interference,  2-36,  3-40 
atmospheric  effects,  3-41 
cosmic  ray,  3-29 
ionosphere  effects,  3-41 
mcleorite  effects,  3-28 
static  electricity,  3-27 

Compartmentatlon,  temperature  control,  5-12 
Components  (see  also  specific  components) 
application,  5-32 
evaluation,  1-10 
moisture  effects,  3-21 
radiation  effects,  3-36 
temperature  effects.  5-7 
Co(Klensali.>n  control  (see  also  Humidity  and 
Moisture),  5-57 
CoiKhict Ion  cooling,  5-14 
Coixluctive  heat  transfer,  5-13 
Connectors,  corrosion  protection,  6-54 
Convection,  forced,  5-14,5-20 


_ 


Convection  (cont.)  ' 

held  transfer,  5-13 
turbulatora,  6-15 
Conductivity,  neat,  3-3 
Cooling,  coMuction  (see  also  Heat  and 
Temperature),  5-14 
direct  liquid,  6-17 
direct  vaporizing,  R-17 
indirect  liquid,  5-20 
System,  bleed  air,  5-22 
blowers,  6-23 

considerations,  5-26  , 

expendable,  5-a4 
fuel.  5-23 
ram  air,  6-21 

vapor  cycle  refrigeration,  6-26 
Corona,  3-26 
Correlation,  1-8,  8-18 
Corrosion,  S- 19 
protection,  6-54 

protective  coatings,  5-52  - . -  ■  *  - 

resistance,  5-66 
resistant  materials,  5-51 
Cosmic  radiation,  2-18,  3-28 
Cosmic  ray  Interference,  communications,  3 
Coulomb  doping,  5-41 
Couplings  and  hoses,  radiation  effects,  3-37 
Crystals,  corrosion  protection,  5-54 
Cup-type  isolator,  5-42 
Curie  temperature,  6-8  , 


D 

Damping,  air,  5-41 
couloinb,  5-41 
friction,  5-40 
hystereeis,  5-39 
shock  and  vibration,  5-39 
viscous,  5-39 
Deceleration,  2-35 
Deicing  and  anti-icing,  5-67 
Desert  test,  1-2 
Design  criteria^  4-6 

Dielectric  and  insulatiiK  materials,  tempera- 

Dielectric  materiale,  nuclear  radiation 
effects.  3-35 

Diodes,  radiation  effects,  3-36 
Drag  parameter,  2-36 
Drop  machine,  6-18 
Dust  (see  Sand  and  Dust) 

Dynamic  analyzer,  1-8 
Dynamotors,  corrosion  protection,  5-65 
tenoporature  effects,  3-7 
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Earth,  2-4 
atmosphere,  2-4 
electricity,  2-5 
lightning,  2-5 

solar  irdensity  distribution,  2-4 
composition,  2-n 
magnetic  field,  2-17 
ozone  concentration,  2-S 
weather  conditions,  2-12 
Elasticity,  6=36 
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Kla.sto merle  and  plastle  niaterlala,  nuclear 
radiation  effecU;,  .”1-30 
Klectrical  insulating  materials,  nuclear 
radiation  effecte,  3-34 

Electrical  insulators,  relation  effects,  3-37 
Elf'ctrlcity,  atmospheric,  3-27 
protection,  5-70 

Electrification,  flight  velilcle,  3-27 
Eloctjo-iynamlc  shak^ir,  6-lfl 
Electromagnetic  wave  propagation  analysis, 
4-12 

Electromechanical  components,  temperature 
effects  (see  also  specific  components) 
3-6,  5-10 

Electron  particles,  5-74 
Electron  tubes,  mounting,  5-34 
corrosion  protection,  5-54 
raHiPtion  effects,  3-37 
temperature  eftects,  3-5 
Electronic  components  (see  also  specific 
components) 
moisture  effects,  3-21 
radiation  effects,  3-36 
temperature  effects,  3-4 
Embedment,  5-66 
Encapsulants,  ceramic,  5-3 
ErcapsulaHon,  5-3 

Environmental  analysis,  4-1,  4-6,  4-8 
Environmental  chambers,  6-16 
Environmental  Engineer Irig,  history,  1-1 
Environments  (see  also  specific  environments) 
2-1,  3-1 
combined,  3-42 
hyper,  1-9 
induct,  3-45 
natural,  3-42 
effects,  3-1 
humans,  3-50 
summai7,  3-52 
pxulic,  3-41 
facilities,  8-9 

hyper,  1-8  3-41  _ 

interacting,  1-7 
natural,  2-31,  3-1 
natural  and  induced.  2-25  _ 
combined,  3-45 
natural,  interacting,  3-43 
natural,  sensing  devices,  6-4 
nuclear,  1-8 

saiellitf,  launching,  2-34 
reentry,  2-34 
.simulation,  6  -9 
single  te.stirig,  6-12 
testing,  6-1 

acroiirtulii^al  equipment,  1-4 
combined,  I-’’,  6-13,  6-24 
hyper,  6-25 
nuclear,  6-22 
space,  6-25 
trends,  1-11 

Equipment,  tei,ipcrature  effects,  3-7 
Lvalualion  and  qualification,  equipment,  1-10 
Exotic  environments,  3-41 
Expansion,  coefficient,  3-3,  5-7 
Ex|H'nd;ible  cooling  system,  5-24 
Expliisloii  fMoofing,  5-70 
Explo.sivc  atmosphere,  3-26 
l  urnliined  effects,  3-49 
te.'iting,  C-21 


Exposure  sites,  1-3 

Extended  surface  heat  exchangers,  5-19 


r 

Fabrics,  3-4 
Fans,  axlol-flow,  5-16 
propeller.  5-16 

Fasteners,  fractional  turn,  S-31 
shock  and  vibration,  5-29 
Fatigue  damage,  5-27 
Ferrite  materials,  5-6 
Field  testing,  6- 14 
Fighters,  Jet,  vibration  data,  3-67 
Filtering,  5-66 
Finishes,  5-52 

nuclear  radiation  tffecta,  3-32 
Flat  panel  heat  exchangt^s,  6-19 
Flight  test,  Category  III,  1-12 
instrumentation,  6-3 
Flteht  vehicle,  electrification,  3-27 
skin,  meteorite  damage,  3 -28 
Fluids,  viscosity,  5-39 
hydraulic,  3-4 

radiation  effects,  3-38 
temperature  effects,  S-8 
Fluorinated  polymers,  nuclear  radiation 
effects,  3-31 

Flutter  and  vibration,  3-n,  6-28 
Fog,  3-22 

Forced  convsctlon,  6-14,  5-20 
Fractlonal-tum  fasteners,  6-31 
Frame  and  cabinet  damage,  3-18 
Friction  damping,  6-40 
Froet,  3-22 

Fuel,  cooling  systems,  5-23 
hydrocarbon,  radiatlou  effects,  3-38 
systems,  temperature  effects,  3-8 
sand  amd  dust  effects,  3-25 
Fungicides,  5-50 
Fungus,  3-19 
combined  effects,  3-49 
inert  materials,  5-51 
nutrient  materials,  5-51 
proofing,  5-50 
resistant  materials,  6-50 
testing,  6-23  ^ 

Fuses  and  holdero,  corrosion  protection,  5-54 


G  '  ■ 

Galaxies,  2-1  ~ 

Galvanic  action,  3-18 
Galvanic  series,  3-20 
Gamma  shielding.  5-76 
Gas-filled  herm^ic  sealing,  5-56 
Gaskets,  radiation  effects,  3-37 
Gears,  corrosion  protection.  5-64 
Generators,  moisture  effects,  3-21 
Geomagnetic  field,  2-32 
Glass,  nuclear  radiation  effects,  3-32 
Glide  vehicle,  2-26 
__  Gravity,  aero,  3-39,  3-51 
Grease,  3-4 

radiation  effects,  3-37 
Ground  vclUclo  proving  gro-jncls,  6-16 
Grounding,  5-66 

I- 


Hail,  2-  10 
damagfi,  3-22 
Handbooks,  ARDC,  4-5 

Harmonic  euppressioii,  5-65  , 

Heal  (see  also  Temperature) 

absorption  of  air  vs.  altitude,  3*8 
acroclvnamir,  C-35,  3-3 
analysts,  4-9 
\n.  shape,  2-36 
analysis,  solar,  4-10 
conductivity,  3-3 
dissipating  tube  shield,  B-18 
exchange,  5-18  * 

exchanger,  extended  surface,  8-19 
fiat  panel,  5-19 
8'a:ll-and-tube,  5-18 
internal,  4- 10  - 

producing  sources,  3-2 
removal  (see  also  Cooling  and  Temperature 
control),  5-12 
air  pressure  effects,  3-26 
blowers,  5-16 
radiation  rffects,  5-17 
sypterns,  5-21 
sinks,  5-20 
specifie,  metals,  6-4 
transfer,  conductive,  5-13 
convective,  5-13 

materials,  organic,  fadiatlon  effects,  3-31 
radiant,  5-14 

Helicopters,  vibration  data,  3-74 
Hermetic  sealing,  5-55 
gas-filled,  5-56 
liquld-fUled,  6-57 

High  temperature,  effects  on  materials  (bo« 
also  Temperature  and  Heat),  3-4 
cffectr.  on  rubber,  3-4 
materials,  r-2 
protcciion,  5-2 

uiiTiuIatlon,  6-16  _ 

Hoops  ai.j  couplings,  radiation  effects,  3-37 
Hot  aiyj  cold  atmospheres,  1-7 
Human,  acceleration,  3-50 

environn'ient al  effecia,  o-avi  ^ 

noiee  effects,  3-50 

protection,  5-76 

radiation  rffects,  3-51 

ten'.,icralure  effects,  3-51 

tolerances,  5-77 

Humidity  (see  also  Condensation  and 
Moisture),  2-16 
combii  ed  ellec^s,  3-48 
effects  on  humans,  3-51 
simulation,  6-17 

Hydraulic  and  pneumatic  actuators,  tompera- 
ture  effects,  3-7 
Hydraulic  fluids,  3-4 
radiation  effects,  3-38 
temperature  effects,  3-8 
Hydraulic  systems,  corrosion  protection,  5-54 
Hydrocarbon  fuels,  radiation  effects,  3-38 
Hyper  environments,  1-8,  3-41 
combined,  1-9 
testing,  6-25 

Hypci  jonlc  aerodynamic  vehicles,  2-28 
Hysteresis  damping,  5-39 


IcliK,  3-23 
sHocts,  3-33 

Indicating  iostruments,  tsuperature  effects,  3-7 
Indicator  and  raster  damage,  9-18 


r  and  meter  dainag> 
Indirect  Uoaid  cooling,  8-3' 
Induced  ana  natural  envlro) 
combined,  3-46 
trends,  1-11 

Induced  envlroninfmts,  3-3 
combined,  3-48 


envlroiraents,  3-25 


cUects,  3-8  , 

byper,  S-41 
aanstiig  derlesi^  8-8 
Instmmentatiou,  8-31 
Instruments,  corrosion  protection,  8-54 
nigMtest,^-3 
sensing,  8-3 
space-research,  8-7 
temperature  effects,  3-7 
test,  8-3 

bisulatlng  materials,  electrical,  nuclear 
radiation  effects,  3-34 

Insulating  materials,  temperature  effects,  8*7 
Insulation,  temperature  mfects,  3-5 
temperature  control,  5-12 
Interacting  snTlronmenta,  1-7 
Interacting  natural  environments,  3-43 
Interference,  3-36,  3-40 
communications,  atmospheric  effects,  3-41 


cosmic  ray,  3-29 
ionoqiherK  effects,  3-41 
meteorite,  3-33 
static  electricity,  S-27 
protection,  8-37 
auppreaelon  techniques,  8-84 
Intenikl  heating,  4-10 
Interplanetary  vehicles,  3-35 
Ionisation,  atmospheric,  3-29 
Ionospheric  effects,  communications 
interference,  3-41 
Isolation,  shock  and  vibration,  8-39 
Isolator,  cup-type,  8-42 
metal-spring.  6-42 
mounting,  5-44,  5-48 

•..Mu.. 
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selection,  8-44 
tenoperatnre  effects,  3-7 


J 

Jet  aircraft,  vibration  and  nols^  3- 14 
Jet  b.)nd;ers,  vibration  data,  3-59 
Jet  fighters,  vibration  data,  3-67 
Jupiter,  2--23 


K 

Kelvin,  degrees,  B-S 

L 

Laraii  vten,  piastle,  5-2 
Latitude  vs.  ozone,  2-6 
Laboratorv,  simulation,  6-V 


Lauiictil”'?  envlriiinicnt,  8  ifP'>Ue,  2-34 
L'-'.Uliui,  .<-4 
Llchti.ii.;,,  2~'j 

arrostorfl,  corrosion  profsctlon,  E-54 
alrlko,  3-27 

Liquid  coolinf,  direct,  5-17 
indirect,  5-*t> 

Liquid  lull'd  hermetic  sealing,  5-57 
Low  leinpcratures,  effects  on  materials 
(see  also  Temperature),  3-4 
■  proloctlon, 

simulation,  6-16 
testing,  1-1 
Lubricants,  3-4 

air  pressure  effects,  3-25 
corrosion  protection-  5-54 
radiation  effects,  3-37 
sand  and  dust  effects,  3-25 
I.unar  (see  Moon) 


Magnesium,  5-4 
Magnetic  field.  Earth,  2-17 
Sun,  2-3 
Venus,  2-21 

Magnetic  materials,  5-6 
corrosion  protection,  5-54 
nuclear  radiation  effects,  3-34 
Manned  aircraft,  2-27 
temperature  effects,  3-8 
Mars,  2-22 

atmo>jphere,  2-22 
radiation,  2-23 
temperature,  2-22 
Materials,  evaluation,  1-10 
high  temperature,  5-2 
nuclear  radiation  rffects,  3-30 
temperature  eflecls,  3-4 
Mechanical  etiects,  3-1 
Mercury,  2-20 
atmosphere,  2-20 
temperatc'-e,  2-20 
Mesosphere,  2-5 
Metal  spring  Isolators,  5-42 
Metallo-organic  compounds,  nuclear  radiation 
efiLctH,  3-31 
Metals,  slruclural,  3-4 

Metals,  structural,  effect  of  nuclear  radiation 
2  32 

Meteor  orbit,  2-2 
Meteorites,  2-2 

damage,  flight  vehicle  skin,  3-28 
interference,  communications,  3-?8 
Meter  and  Indicator  damage,  3-10 
Micrometeorlles,  2-2,  ?-2fl 
MU' roorganisms,  3-lti 

M inia'urir.ation,  temperature  problems,  3-7 
Missiles,  2-30 

compartment  temperature,  3-8 
ballistic,  rcetltry,  3-10 
stuKk  and  vibration,  3-15 
Missb/ii  profiles,  2-27,  4-6 
Model  Almosplierc,  ARDC,  4-2 
Mois'ure  (see  also  Humidity),  3-19 
•  iccts,  cl'-'Ctronic  components,  3-21 
•'quipiiicnt,  3-22 
fliglit  vohiclcs,  3-22 


Hoiaturn  (coni.) 

eUoctR  on  materials,  3-20 
protection,  S-4Q 
Moon,  2-19 

atrvf where,  2-19  ' 

ratiUiJon,  2-20 
toDnperature,~2-10  ' 
vchlcli^,  2-34 

Motors  ana  (Synamotrira,  uiiqperatare  effects, 
S-f 

Motors  and  generators,  moletore  effects,  3-21 
Motors,  corrosion  protac'ion,  S-5S 


•  N  ; 

Natural  and  Induced  environment,  2-25 
combined,  3-48 
trente,  1-11 

Natural  envlronmentn,  2-31,  3-1 
combined,  3-42 
eifectp,  3-1 
hyper,  3-41 
sensing  devices,  6-4 
Natural  ireathcr  testa,  6- 14 
Neptune,  2-24 
Neutron  shielding,  5-75 
Noise,  3-11  - 

analyalB,  4-11 
boondary  layer,  4-11 
effects  on  humans,  3-60 
Jot  alreralt,  3-14  ,  _ 

rocket,  3-14  ,  • 

testing,  6-19 

Nuclear  environment*,  1-8 
testing,  6-22 
Nuclear  radiation,  3-29 
Nuclear  radiation  effects,  coatings,  3-32 
dielectric  materials,  3-36 
diodes,  3-38 

elastomeric  and  plastic  materials,  3-30 

electrical  Insulating  materials,  3-34 

finishes,  3-32 

fluorinated  polymers,  3-31 

glass,  3-32 

preasee,  3-37 

noses  and  couplings,  3-37 
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hydrocarbon  fuels,  3-38 
lubricants,  3-27 
ma^etlc  materiala,  3-34 
materials,  3-3 

metallo-organic  compounds,  3-31 
organic  heat  transfer  materials,  3-32 
plastics,  3-30 

seals,  gaskets,  and  sealants,  3-37 
semiconductor  materials,  3-35 
structural  metals.  3-32 
transformer,  3-36 
transistors,  3-30 
Nuts,  self-locking,  6-30 


O 

Open-type  laolator,  8-42 
Operational  effects,  3-1 
Operations  analyels,  4-1,  4-12 
Orbit,  meteor,  2-2 


Organic  lieal  tranafer  materlalH,  nuclear 
radiation  cffecta,  3-32 
Organic  materials,  3-4 
Outdoor  e>poeure  sites,  1-3 
Oxygen  control,  5-77 
Ozone,  combined  effects,  3-48 
concentration,  Earth,  2-5 
vs.  latitude,  2-6 
vs.  season,  2-6 


P 

Parts  mounting,  vibration,  5-34 
Physical  effects  on  materials  due  to 
temperature,  3-3 
Planet  data,  2-26 
pipsHcs,  3-4 
laminates,  5-2 

nuclear  radiation  effects,  3-30 
Pluto,  2-25 

Pneumatic  and  hydraulic  actuators,  tempera¬ 
ture  effects,  3-7 

Pneumatic  systems,  corrosion  protection,  5-54 
Pollution,  atmospheric,  3-24 
Polyethylene,  nuclear  radiation  effects,  3-30 
Polymers,  fluorlnated,  nuclear  radiation  effects 
3-31 

Positron  shielding,  5--74 
Power  plants,  corrosion  protection,  5-65 
Precioitatlon  (see  also  H»nilditv).  2-14 
Pressure,  air,  effect  on  lubrlcaVu,  3-25 
atmospheric,  2-0 

combined  effects,.  3-49 
pi-olectlon,  5-67 
vs.  altitude,  2-8 
vs.  altitude  vs.  climate,  2-11 
Pressurization,  5-70 
Printe<)  circuits,  moisture  effects,  3-21 
Printed  airing,  lempe'iature  effects,  5-10 
Production  sampl'nK  tests,  1-12 
Propeller  fans,  5-16 
Protc,tive  coatings,  corrosion,  5-52 
lungus-proof,  5-50 

Proton  shielding,  o-75  ^ 

Pumps,  temperature  effects,  3-7 


Q 

Qualifiv,;r.V'«  and  evaluation,  equipment,  1-10 
Qua.  7  csot'-ol,  1-12 


R 

Radiant  heat  trinsfer,  5-14 
Radiation,  2-17,  3-28 
cosmic,  2-18 

heat  removal, ofterts,  5-17 
Mars,  2-23  / 

Moon,  2-20 

nuclear  (see  Noo*ri‘r. radiation) 
protection.  5-71 

t  'lioMing  (see  also  ifh-ieldlngl,  5-73 
Soiar,  2-3,  3-2,  3-*f» 
coni'oined  effects,  >49 
Intensity  dlstribut.on,  2-4 
space,  2-3 


Radiation  (cont.) 


Venus,  2-21 
Radio  telemetry,  8-3 
Radomes,  corrosion  protection,  5-55 
Rail  trani^rtatlon  data,  shock  and  vibration 


Rain  testing,  6-19 
Ram-alr  cooling  system,  5-21 
Ram-alr  temperature  vs.  flight  speed,  3-8 
Random  vibration  testing,  8- 10 
Rectifiers,  corrosion  protection,  5-66 
Reentry,  2-35 

environment^  satellite,  2-34 
shock  wave,  2-36 
temperature  and  trajectory,  3-10 
vehicles,  temperature  effects,  3-0 
Refrigeration  system,  vapor  cycle,  6-25 
Relays,  corrosion  protection,  b-54 
damage,  3-18 

location  and  orientation,  5-3.^ 
sltock  and  vibration,  5-28 
temperature  effects,  3-6 
RcUablllty,  1-12 
levels,  4-21 

Resistors,  corrosion  protection,  5-55 
moieture  effects,  3-21 
mounting,  5-35 
radiation  effects,  3-37 
shock  and  vibration,  5-20 
temperature  effects,  3-4,  6-7 

Rigimty,"6l3~6 
Rocket  noise,  3- 14 
Rocket-sled  testa,  8-15 
Rubber,  isolators,  5-42 
temperotore  effects,  3-4 


Salt  spray,  combined  effects,  3-49 
testing^  6 '23 
Sampli'ig  tests,  1- 12 
Sand  and  dust,  2-  IT  3-23 
combined  effect^..  .. 

fuel  system' .  V.i  ,, 
Inbricattoa  i  i  - 


protection,  5-i  l  -V 

size,  3-24 
testing,  6-20 
SatcUttes,  2-30 

and  space  vehicles,  Bh>ck  and  vibration,  3-16  • 
data,  2-33  '  - 

launching  environments,  2-34  *’  ^ 

reentry  environments,  2-34 

temperature  effects,  3-0  •  ■‘wf'.i- 

thermal  shock,  3-9  '■  > 

SateUoids,  2-30 
Saturn,  2-23 

Seals,  gaskets,  and  sealants,  radiation 
effects,  3-37  ‘  . 

Seating,  hermetic,  5-55 
gas-flUed,  6-56 
liquid-filled,  5-57 
Season  vs.  ozone,  2-6 
Self-locking  nuts,  5-30 
Semiconductor  materials,  effect  of  nuclear 
radiation,  3-35 
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Ti!m)i(;  'RtUj'O  (coni.) 
t-riri-  Is  (coiil ,) 

11',  ttni:i'»:nts,  3-7 

'  i:  iul"'i.'-.  'T  materials,  5-7  ’ 

.n  I'llji  iOi’i.  i'-b  ,  :i  — 
in  nnf'i  o 

i-i  tj-. 

,  ,. — _  *■.  3-0  , 

■  "  ft'O  ore  a-.Ki  dj-riamotors,  3-7 
prl' ted  Tirh  n.,  &.  10 
piir  rw,  ,?-7 
r  sciitry  vt.'hlcleit,  3  >,9 
r slays,  3-5  \  \ 

i  s.siiiors,  3-4,  6-\  '  \ 

I'  ibtinr,  3-4  \  \ 

fit  tetltea,  3-9  \  \ 

sit'iii'onductorsi  3-G\ 
elit  CR  and  vibration  i»  k'^ors,  3-7 
sna  '■!  vehicles,  3-9  '  >  ' 

stia:?^ral  materials,  3-i  — 

swiil'rtes,  3-6  n 

terrni'-til  boards,  5-lG  '\  \ 
tranet -t  mer,  3-5  ,  "  \  v  • 

valves,  3-7  ' 

vehicle  ji'rface  and  compartaient,  3-2 
wire  arai  cable,  5-10  — 

extremes,  atmoapbctic,  2-11 
high,  material^,  5-2 
oimulstiiin.  6-16 
lo.v,  inaterials,  3-4 
protection,  6-26 
fiimnlaticn,  6-16 
testing,  1-1 
Mars,  2-22 
Mercury,  2-20 
missiie  compartments,  3-8 
Moon,  2-19  — 

physical  effects  on  materials,  3-8 
problems,  miniaturization,  3-7  ~ 

prolection,  5-2 
ram-air,  3-8 
reentry,  3-10 
requirements,  1-7 
VC  istant  metals,  5-4 
shock,  simulation,  6-16 
skin,  2-30,  3-9,  4-10 
Solar  corona,  2-2 
space  body,  2-2 
spinning  sphere,  2-3 
stagnation,  3-9 
vs.  altitude,  3- 10 
Sun,  2-a 
Venn.  ,  .  '.1 
vs.  alwi  '3 

vs.  speea,  •_ 

I  ctcrln.Tl  boards,  temperature  effects,  5-10 
Terminals,  shock  and  vibration,  5-29 
Terrestrial  space,  2-32 
Testing,  6-1 

acceleration,  6-24 
aeronautical  equipment,  1-4 
anedysis,  4-7 
Caral  Zone,  1-3 
cold  weather,  1-2 

combined  environment.  1-7,  6-13,  6-24 
criieria,  4-6 
de.serl,  1-2 

envlrennicntaJ,  hyjier  and  space,  6-25 
explosive  atmosphere,  6-21 
facility  s''lectioti,  6-31 
field,  b-14 


Testing  (coni,. 

flight,  cslvxr  j.  ;  j-12 

fiinguB,  6-23  * 

InsfrunjonUtto'a,  6-2 
flight,  6-3 

low  temperature,  1-1 
nntural  weather,  6-14 
noise,  6-19 

nuclear  eiivironr..<enta,  6-22 
procedures.  5-36 
produoiioii  sampling,  1- 12 
rain  6-19 

ranoom  vibration  6-19 
requirements,  6-2 
iocket-sled,  13 
salt  spray,  0-2-3 
sand  and  du^t,  6-20 
seqiHfDces.  6-41  , , 

sin^s  environment,  6- 12  „ 

single  vs.  combined,  6-39  ' 
space  and  hyper  environment,  6-25  ' 

specifications,  6-45 
techniques,  6-10 
troplcsd,  1-3 
vibration,  6-il 
sinusoidal,  6-18 
static  (captive),  6-14 
Thc.rmal  (see  a^o  Temperature) 
conductivity,  materials,  5-14 
shock,  3-4 

_ -  j  .• _ .* 

KUAUeU  UUIBBUD^ 

srtelllt^  3-9 
systems,  5-13 
Thermosphere,  2-5 
Titanium,  5-6 

Transformers,  corrosion  resistance,  5-55 
drjuage,  3-16 
moisture  oUects,  3-21 
mounting,  5-35 
radiation  effects,  3-36 
shock  and  vlbratioi,.  ''-28 
temperature  clfcrrs,  3-5 
Transistor,  mounUug,  2-  34 

radiation  effects,  3-36 

Transportation,  3-11 

•  t  ■  ■■  -a. _ ■-  4.  1*) 

CUUtt,  KIT.  BinjURk  BfPU  VftA/A«avAWii| 

data,  rail,  shock  and  vibration,  3-12 
data,  ship,  shock  and  vibration,  3-13 
Transports,  tuifboprop,  vibration  data,  3-55 
Tropical  Science  MIbsIod,  1-3 
Tropical  tests,  1-3 
Troposphere,  2-5 

Truck  transpiortatlon  vlbrttlon  data.  3-H 
Tube  shield,  heat-disslpating,  5-18 
Turbojet  aircraft,  shock  antf vibration,  3-13 
Turbojet  and  after  burner,  temperature 
effects,  3-8 

Turboprop  transports,  vibration  data,  3-55 
Turbulators,  convection,  5-15 


Uranus,  2-24 


Valves,  temperature  effects,  3-7 
Van  Alien  Delt,  2-18 
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V  ;v)r  ryolo  rofrl5rj,atlon  system,  5-25 
i  .'ivirlzing  cooling,  direct,  5-17 
■-  pli((  Ic,  ,  ompartment  temperature,  3-2 
"rorface  temperatures,  3-2 
/enu.s,  2-20 
atmosphere,  2-21 

radiation  and  magnetic  fields,  ?-21 
temperature,  2-21 

Vilirauoii  (see  elf  o  Siiock  and  vibration) 
aircraft  skin,  3-18 
analysis,  4-10 
and  flutter,  5-28 
damage,  3-17 
and  shock,  capacitor,  b-28 
and  shock,  relays,  5-28 
and  shock,  resistors,  5-29 
combined  effects,  3-49 
data,  bfc^icopters,  3-74 
Jet  nombers,  3-59 
jet  fighters,  3-  67 
turboprop  transports,  3-55 
fasteners,  5-29 
jot  aircraft,  3-14 
parts  location,  5-32 
parts  mounting,  5-34 
sat  i'll  ite  and  space  vehicles,  3-16 
sensing,  6-5 
simulation,  6-18 
skin,  aircraft,  3-18 
lest,  6-11 

testing,  random,  6-19 
sinusoidal,  6- 18 
Viscous  da.mping,  55 


W 

Weather,  conditions.  Earth,  2-12 
testing,  cold,  1-2 
tests,  natural,  6-14 
Wave  propagatlou  analysis,  4-12  > 

Weightlessness  (see  Zero  gravity) 

Wli2,  2-13,  3-26 

direction  vs.  altltnds,  2-14  * 

speed  and  direction,  2-14  ;  - 

speed  and  shserfi.  2-16  ■  ’ 

Wiring  and  cable,  dami^.  3-18  < 

shock  and  vibration,  6-29  f ' 

temperature  effects,  6-10 
Wiring,  printed,  temperature  eflectK  |M0 


X 

X  rays,  6-74 


Y 

Yellow  Dot  System,  1-6 


Z 


Zero  gravity,  3-39 

AM  niivwdih 


uisine,  3-61 
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